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Chapter 1 describes the design principles of water-stable MOFs and their applications in 

adsorption, sensing and catalysis. The construction of secondary building units (SBUs) of MOFs 

with an inert metal ion (Cr(III), Al(III) or Fe(III)) is a well-accepted strategy for the synthesis of 

water-stable MOFs. The metal-ligand coordination bond strength also plays a key role for the 

hydrolytic stability of MOFs. Pearson’s hard/soft acid/base principle can be a rough approximation 

for the metal-ligand bond strength. Carboxylate-based ligands can be regarded as hard bases and 

they form strong coordination bonds with high valent metal ions e.g. Cr(III), Al(III), Fe(III), 

Zr(IV), Hf(IV), Ce(IV), Ti(IV), which can act as hard acids. The hydrolytic stability of a MOF 

material also largely depends on the coordination geometry, extent of orbital overlap, high 

connectivity of metal cluster and steric factors. The high connectivity of metal cluster in the 

framework provides high thermal and chemical stability. Use of hydrophobic ligands during the 

synthesis is a simple and single-step protocol for the synthesis of hydrophobic and water-stable 

MOFs. Other than direct synthesis, post-synthetic modification also imparts hydrophobicity in the 

MOF, which increases the hydrolytic stability. The water-stable MOFs have been employed as 

high-capacity adsorbents of gases, water, organic molecules, oil, cation, anion, etc. The detection 

of targeted analytes present in water can be achieved by water-stable fluorescent MOFs. The 

hydrolytically stable MOFs have been also applied as reusable heterogeneous catalysts for various 

industrially relevant organic reactions. 

Chpater 2 describes the synthesis of four isoreticular thienothiophene-based Zr(IV) MOF 

materials (1′, 2′, 3′ and 4′) under solvothermal conditions. All the MOFs possess the UiO-66 (UiO 

= University of Oslo) framework topology and contains [Zr6O4(OH)4]12+ building units (Figure 1). 

The μ3-O and μ3-OH groups occupy the triangular faces of the Zr6 octahedron. Every Zr atom is 

coordinated with eight O atoms, forming a square antiprismatic coordination environment. The 

3D, cubic framework is constructed by the interconnection of the [Zr6O4(OH)4]12+ units with the -

CO2 groups of twelve ligands. The hydrophobicity and fluorescence properties of all the MOF 

compounds have been tuned in a systematic fashion by attaching methyl and phenyl groups to the 

thienothiophene-based ligands. As verified by the fluorescence titration experiments, all the MOF 

materials featured selective, fast, and sensitive sensing of Fe3+ ions in water through the 

fluorescence quenching mechanism (Figure 2). The quenching efficiencies of the materials 

towards Fe3+ ions decreased in the order: 4′ (98%) > 3′ (96%) > 2′ (91%) > 1′ (86%). This trend 

in the quenching efficiency of the compounds can be correlated with the electron density available 
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in their frameworks. Thorough experimental studies indicate that the transfer of electrons from the 

π-conjugated, electron-rich thienothiophene-based frameworks to the half-filled 3d orbitals of Fe3+ 

ions accounts for the fluorescence quenching of MOF compounds.  

 

 

Figure 1. (a) Cubic 3D framework structure of 1 with Zr6 node. (b) Node connectivity for the 

framework structure of 1. Views of the (c) octahedral and (d) tetrahedral cages. Colour codes: Zr, 

blue polyhedra; C, grey; O, red; S, yellow). 

 

 

Figure 2. Quenching of fluorescence intensity with gradual addition of Fe3+ solution to a 3 mL 

aqueous suspension of 1′ (a), 2′ (b), 3′ (c) and 4′ (d). 

(c)

(a) (b)

(d)
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In addition, molecular logic gates were designed by employing the MOFs for 

distinguishing between Fe3+ and Fe2+ ions. Overall, high photostability and reusability in Fe3+ 

sensing as well as the ability to discriminate between Fe3+ and Fe2+ ions through logic operations 

make the MOFs suitable for real-life applications. 

Chapter 3 describes the solvothermal synthesis and characterization of a Ce(IV)-based MOF (5) 

material incorporating 3,4-dimethyl thieno[2,3-b]thiophene-2,5-dicarboxylic acid. The XPS study 

reveals the presence of both Ce(III) and Ce(IV) ions in the framework. 

 

Figure 3. Cubic 3D framework structure of 5 in ball-and-stick representation. (a, b) Depiction of 

octahedral (yellow spheres) and tetrahedral (orange spheres) cages. (c, d) are the magnified views 

of (a, b), respectively. (e) Structure of the H2DMTDC ligand. Colour codes: Ce, blue polyhedra; 

C, grey; O, red; S, yellow. 

The cubic framework structure (Figure 3) of the compound comprises hexanuclear cluster 

cores having a [Ce6O4(OH)4]12+ composition. In these cluster cores, the six cerium atoms are 

situated at the corners of an octahedron. The eight faces of each octahedron are bridged by the O 

atoms of μ3-O and μ3-OH groups, which are arranged in an alternating fashion. Eight O atoms are 
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coordinated with each Ce atom. The latter has a square antiprismatic geometry in which the O 

atoms from the carboxylate, μ3-O and μ3-OH groups occupy the square faces. 

Remarkably, the activated compound (5′) mimics the catalytic activity of biological 

oxidase enzymes due to the existence of redox-active cerium atoms in the framework. The 

excellent oxidase-like catalytic properties of the material were demonstrated by employing 

characteristic chromogenic peroxidase substrates: TMB and AzBTS. Based on the oxidase-

mimicking activity of MOF, a colorimetric sensing platform for biothiols in NaAc buffer (0.2 M, 

pH = 4) was established. It can be seen from Figure 4 that the absorbance of ox-TMB decreased 

dramatically upon gradual addition of 0.5 mM solutions of cysteine. The sensing ability of 

biothiols by the MOF was employed to detect cysteine in human blood plasma. A significant 

heterogeneous catalytic performance of the mixed valence state Ce-MOF was also observed in the 

oxidation of thiol compounds using molecular oxygen (Scheme 1). The hot filtration experiments 

confirmed the heterogeneity of the oxidation catalysis reaction. The conversion of thiophenol 

observed in the 1st, 2nd, 3rd and 4th cycles after 12 h corresponded to 100%, 98%, 97% and 96%, 

respectively, which confirms the recyclability of 5′. 

 

Figure 4. Change in the absorption spectrum of ox-TMB upon gradual addition of 0.5 mM cysteine 

solution in NaAc buffer (0.2 M, pH = 4). Inset: corresponding change in color of the ox-TMB 

solution. 
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Scheme 1. Oxidation of thiophenol to 1,2-diphenyldisulfide in presence of catalyst 5′ and 

molecular oxygen. 

 

Chapter 4 describes the synthesis, characterization of dinitro-functionalized Zr(IV)-based DUT-

52-(NO2)2 MOF (6) (DUT = Dresden University of Technology). The activated material (6′) acts 

as a colorimetric and fluorogenic turn-on probe for the sensing of H2S under physiological 

conditions (HEPES buffer, pH = 7.4, temperature = 37 °C) (Scheme 2). As confirmed by the 

steady-state fluorescence titration experiments, the MOF compound features significant 

capabilities for the highly selective and sensitive (detection limit: 20 µM) detection of H2S.  

 

 

Scheme 2. Sensing of H2S sensing by 6′ under physiological conditions (HEPES buffer, pH = 7.4, 

temperature = 37 °C) through fluorescence turn-on mechanism. 

 

 

5′
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Figure 5. (a) Fluorescence turn-on response of 6′ (0.04 M) with increasing concentrations of Na2S. 

Concentration-dependence of the emission intensity (monitored at 474 nm) is shown in the inset. 

The corresponding naked-eye colorimetric responses of 6′ towards H2S under (b) day light and (c) 

UV light are also displayed. 

 

The presence of two nitro functional groups per H2NDC-(NO2)2 ligand completely quench 

the fluorescence of the naphthalene moiety in dinitro-functionalized Zr-based DUT-52 (Figure 5a). 

The corresponding diamino-functionalized MOF compound, formed through H2S-mediated 

reduction, is expected to be more fluorescent than the dinitro-functionalized material. Remarkably, 

the compound exhibited visually detectable colorimetric and fluorogenic responses towards H2S 

under day light as well as under UV irradiation (Figure 5b and 5c). In addition, the probe could be 

used for the detection of H2S in human blood plasma and as well as living cells. 

Chapter 5 describes the synthesis and systematic characterization of a hydrazine-functionalized 

Al(III) MOF namely CAU-10-N2H3 (7). The framework structure of 7 is presented in Figure 6. As 

revealed from the figure, the framework of CAU-10-N2H3 is formed by the interconnection of cis-

corner sharing [AlO6] octahedra with the hydrazine-functionalized isophthalate ligands. This 
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structural connectivity leads to the formation of helical chains. Two adjacent helices are related by 

a mirror plane.  

 

Figure 6. The simulated structure of the framework of CAU-10-N2H3 (7) compound (a). Hydrogen 

atoms have been omitted from phenyl ring of the structural diagram for clarity. Helical 

arrangement of [AlO6] octahedra in the framework of CAU-10-N2H3 as seen along the b-axis (b). 

Colour codes: C, black; O, red; N, blue; Al, yellow polyhedra; H, white. 

The activated material 7′ is capable of sensing CN− ions even in the presence of other 

competitive anions present in water (Figure 7). The appearance of green fluorescence under UV 

light upon cyanide addition makes this material a naked-eye fluorescent sensor for CN− ions in 

aqueous medium. The cyanide induced deprotonation of the acidic -NH proton present in 

hydrazine-functional group was confirmed by 1H NMR titration experiment. This deprotonation 

leads to the fluorescence turn-on signal of the MOF probe. A very low detection limit of 0.48 μM 

was obtained for this MOF, which is lower than the allowable cyanide concentration (2 μM) in 

drinking water according to the WHO. The live cell imaging experiments with non-toxic Al(III) 

MOF clearly establish that the MOF is capable of intracellular CN− ions. 

(a) (b)
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Figure 7. Relative fluorescence enhancement behaviour of 7′ towards addition of different anions. 

Inset: naked-eye fluorogenic response of 7′ towards different anions.  
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Chapter 1 

 

 

 

Design principles of water-stable metal-organic 

frameworks (MOFs) and their applications in 

adsorption, sensing and catalysis 

 

Stability of MOF is a topic with important significance considering its application in real 

field under humid conditions. The different types of strategies have been used to the synthesis of a 

water stable MOFs, which are mainly based on use of inert metal ion, effect of metal-ligand 

coordination, use of hydrophobic ligand, surface functionalization and so on. A brief description 

of these strategies is provided in this chapter. With the advantage of stability in a water medium, 

water stable MOFs can be efficiently applied in a broad range of areas. Few applications of water 

stable MOFs in adsorption, sensing and catalysis will be discussed in this chapter. 

 

Catalysis

Proton 
conduction

Chemical 
sensing

Drug 
delivery

Gas storage/
separation
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1.1 Introduction 

The systematic investigation of coordination compounds was started from the time of 

Alfred Werner (1893). However, the first coordination compound was firstly synthesized 

accidentally in the early eighteenth century by Heinrich Diesbach at Berlin in 1704.1 The first 

synthesized coordination compound is known as ‘Prussian Blue’. After ~270 years of synthesis, 

the 3D cubic structure of ‘Prussian Blue’ was identified in the year 1977.2 At the end of 70's, the 

research based on coordination compound was accelerated. The representation and classifications 

of inorganic compounds were pioneered by Prof. A. F. Wells. In 1977, Prof. A. F. Wells introduced 

the concept of node and connections in inorganic crystal system.3 The phrase ‘coordination 

polymer’ was introduced in the year 1964 by Prof. J. C. Bailar.4 Design of inorganic and organic 

polymer based on node connectivity was increased in surprisingly short time. 

 Introduction of the concept of supramolecular chemistry by Prof. Lehn further gave a real 

impulse towards the design, synthesis and crystal engineering of inorganic compounds.5 In 1989, 

Prof. Robson has introduced the synthesis of infinite and ordered framework structure via 

connecting the octahedral or tetrahedral nodes by rod-like connecting units.6 In the year 1990, 

Prof. M. C. Etter identified the importance of hydrogen bond as a determinant factor of a crystal 

structure.7 At the same time, the pioneered research was carried out by Prof. G. Desiraju based on 

the strong hydrogen bonding interaction in crystal systems.8 The concept of node connectivity for 

the synthesis of the 3D supramolecular framework was further extended by Prof. O. M. Yaghi. In 

1995, Prof. Yaghi reported the hydrothermal synthesis route to a crystalline, metal-organic, open 

framework system having extended channel and composed of uncommon metal coordination.9 The 

copper (I) centers of the compound Cu(4,4'-bpy)1.5·NO3(H2O)1.25 (4,4'-bpy = 4,4'-bypyridine) is 

linked by rod-like 4,4'-bpy ligands to form porous and 3-D networks with three different size 

channels. The channels were occupied by nitrate anions that are hydrogen bonded to solvent water 

molecules. This new type of porous material with 3D-network structure was named as Metal-

Organic Framework (MOF).  

The large potential of MOF material was unexpected initially when Prof. Yaghi introduced 

the terminology called ‘MOF’. After that, a number of MOFs have been reported at an 

unprecedented rate until this date. During these years, a number of terminologies were used by for 

this class of porous materials by several research groups such as coordination polymers, 

TH-2006_146122002



Chapter 1 
 

2 
 

coordination networks, MOFs and organic analogues of zeolites. The different nomenclatures used 

to name the porous frameworks were not consistent among research groups, causing further 

unnecessary confusions. In the year 2012, the International Union of Pure and Applied Chemistry 

(IUPAC) task group has published a provisional definition of MOF as: ‘Metal-Organic 

Framework, abbreviated to MOF, is a Coordination Polymer (or alternatively Coordination 

Network) with an open framework containing potential voids’.10 

The synthesis and characterization of new porous materials with open framework structures 

were further taken care by other research groups. Kitagawa et al. showed a reversible uptake of 

CH4, N2 and O2 by a three‐dimensional framework {[M2(4,4′‐bpy)3(NO3)4]·xH2O}n (M = Co, Ni, 

Zn).11 The channeling cavity present in the framework was occupied by water molecules, which 

didn’t show any significant interaction with crystal framework. Rosseinsky et al. attempted to 

synthesize framework structures with desolvated form. In 1999, Rosseinsky et al. reported a 

coordination polymer framework of Ni2(4,4′-bipy)3(NO3)4, which showed a small relaxation of the 

crystal structure on guest desolvation.12 In the same year, Prof. Yaghi reported a metal-organic 

framework called MOF-5, which remained stable when fully desolvated and when heated up to 

300 °C. MOF-5 is the very first example of a MOF material with permanent porosity and has been 

extensively studied until date.13 The research based on MOF materials with permanent porosity 

was accelerated after this breakthrough result.  

In the last 20 years, the Cambridge Crystallographic Database Centre (CCDC) has recorded 

more than 80,000 MOF structures. In the early stage of MOF development, MOF-5 showed many 

interesting properties with exceptional surface area. But, it has been observed that many reported 

MOF materials including MOF-5 are not stable in water.14,15 In spite of huge prospect of MOF 

materials, the instability in aqueous medium restricts their commercialization and applications in 

industrial scale. Currently, the design and synthesis of water-stable MOF materials are in high 

demand based on their practical applications. More than 6000 articles have been published in 

recent years related with MOF materials (Figure 1.1). Among them, only few papers highlight the 

synthesis and applications of water-stable MOF materials.  
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Figure 1.1 Number of publications per year from 2010-2018 for articles on the topic of “metal-

organic framework” or “water stable metal-organic framework”. The numbers were determined 

based on a Scifinder search in December 2018 spanning from 2010 to 2018 using keywords: 

‘metal-organic framework’ and ‘water stable metal-organic framework’.  

 

1.2 Design principles of water-stable MOFs 

Stability of MOFs in the presence of water is a topic with important significance 

considering their applications in real field under humid conditions. Due to 3D structures, porosity 

and other factors, MOF materials are used in gas storage and gas separation.16,17 In industry, the 

ubiquitous presence of water vapor in various gas stream must be accounted. On the other hand, 

water stability is a crucial issue for the use of MOFs as a heterogeneous catalyst in aqueous 

medium. Recently nano-sized MOFs are used in biological applications,18,19 which also demand 

the water stability of MOFs in aqueous biological environment. Clearly, considering the design 

and synthesis of new MOFs for practical applications, the stability in water medium or in humid 

environment is an essential property that must be considered.  

Recording of X-ray powder diffraction (XRPD) pattern of MOFs after the treatment with 

water or water vapor and comparing the XRPD pattern with the pristine sample before exposure 

is the simplest method to determine the water stability of a crystalline MOF. The partial loss of 

porosity of MOFs can be identified by measuring the nitrogen adsorption isotherms of water-

exposed MOFs and determining the specific surface area. The metal clusters present in MOFs are 
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susceptible to the attack by nucleophilic water molecules, which lead to partial ligand 

displacement. Measuring the NMR or UV-Vis spectra of the supernatant liquid also informs about 

the dissolution of the solid phase of MOFs. Different types of strategies have been used for the 

synthesis of water-stable MOFs, which are mainly based on: use of inert metal ions, effect of 

metal-ligand coordination, use of hydrophobic ligands, surface functionalization and so on. A brief 

description of these strategies is provided in the next section. 

 

1.2.1 Inertness of metal clusters 

Since a metal cation can act as an electrophilic center, the nucleophilic water molecule can 

attack the metal center easily. Therefore, the construction of secondary building units (SBUs) of 

MOFs with an inert metal ion is a well-accepted strategy for the preparation of water-stable MOF 

compounds. It was found that the use of inert Cr(III), Al(III) or Fe(III) metal ions for the synthesis 

of MOFs imparts the resistivity towards the water-based hydrolysis. In 2005, Férey et al. reported 

the synthesis strategy of a new MOF with a combination of Cr(III) metal ion and 1,4-benzene 

dicarboxylic acid (H2BDC) ligand.20 This Cr(III)-based MOF, MIL-101 (MIL = Material of the 

Institute Lavoisier) showed an exceptional stability in air atmosphere. The super tetrahedron (ST) 

framework structure of Cr-MIL-101 is constructed from the linkage of BDC dianions with 

inorganic trimeric [Cr3O(H2O)2F(CO2)6] building units. The inorganic trimeric secondary building 

units consist of the three Cr atoms in an octahedral environment and the six coordination sites are 

occupied by four O atoms from the bridging bidentate BDC2–, one μ3-O atom and one oxygen atom 

from the terminal water or fluorine group. The structure of Cr-MIL-101 features corner-sharing 

ST, which are made from the linkage of inorganic trimers and BDC dianions. A 3D network of 

“corner-sharing” super tetrahedra with an augmented MTN zeotype architecture was established 

by the connection between the ST through vertices (Figure 1.2). The MOF called Al-MIL-101 

shows a similar structure with Cr-MIL-101 and it is also highly stable in water.21  
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Figure 1.2 (A) The trimeric building block of Cr-MIL-101 chelated by three carboxylic functional 

group designed by computer simulation. The super tetrahedron (ST) was constructed with (B) 

terephthalic acid, which lies (C) on the edges of the ST. (D) Ball and stick representation of one 

unit cell of Cr-MIL-101. (E) Framework structure of Cr-MIL-101 having MTN topology with the 

medium (green) and large (red) cages delimited by the vertex sharing of the ST. Color codes: 

Chromium octahedra, oxygen, fluorine and carbon atoms are in green, red, and blue, respectively. 

Reproduced with permission from ref. 20. Copyright 2018 American Association for the 

Advancement of Science.  

 
Another MOF called Cr-MIL-53 is one of the popular MOFs among the Cr(III)-based 

MOFs.22 The MIL-53 framework shows a reversible breathing behavior upon dehyhydration and 

rehydration. The as-synthesized form (MIL-53as) shows a one-dimensional large-pore channel 

filled with free disordered terephthalic molecules (Figure 1.3). On removal of guest molecules, it 

leads to a nanoporous solid (MIL-53ht) with a Langmuir surface area over 1500 m2/g. The 

hydration at room temperature results in a narrow-pore material (MIL-53lt). The isostructural Al-

MIL-53 also shows a high stability.23 Other than MIL-101 and MIL-53, a large number of MOFs 

synthesized with inert Cr(III) and Al(III) metal ions are summarized in Table 1.1. 
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Figure 1.3 View of the one-dimensional pore channel system of (a) MIL-53as, (b) MIL-53ht and 

(c) MIL-53lt. Reproduced with permission from ref. 22. Copyright 2002 American Chemical 

Society. 

 
Table 1.1 Summary of some representative stable MOFs constructed with Cr(III) and Al(III) ions. 

MOF Cluster/Core Ligand Ref. 

Cr-MIL-101 [Cr3(μ3-O)(COO)6] BDC 20 

Cr-MIL-53 [Cr(OH)(COO)2]n BDC 22 

Cr-MIL-100 [Cr3(μ3-O)(COO)6] BTC 24 

Cr-MIL-101-NDC [Cr3(μ3-O)(COO)6] 2,6-NDC 25 

Cr-MIL-88A [Cr3(μ3-O)(COO)6] FUM 26 

Cr-MIL-88B [Cr3(μ3-O)(COO)6] BDC 26 

Cr-PCN-333 [Cr3(μ3-O)(COO)6] TATB 27 

Cr-PCN-426 [Cr3(μ3-O)(COO)6] TMQPTC 28 

Al-MIL-53 [Al(OH)(COO)2]n BDC 29 

Al-MIL-101 [Al3(μ3-O)(COO)6] BDC-NH2 21 

TH-2006_146122002



Chapter 1 
 

7 
 

Al-MIL-100 [Al3(μ3-O)(COO)6] BTC 30 

DUT-5 [Al(OH)(COO)2]n BPDC 31 

CAU-1 [Al8(OH)4(OCH3)8(COO)12] BDC-NH2 32 

CAU-10 [Al(OH)(COO)2]n 1,3-BDC 33 

Al-PCN-333 [Al3(μ3-O)(COO)6] TATB 34 

Linkers are abbreviated as: BDC = 1,4-benzene dicarboxylate; FUM = fumarate; 2,6-NDC = 

naphthalene-2,6-dicarboxylate; BTC = benzene-1,3,5-tricarboxylate; BDC-NH2 = 2-

aminoterephthalate; BPDC = biphenyl-4,4′-dicarboxylate; TATB = 4,4′,4″-s-triazine-2,4,6-triyl-

tribenzoate; 1,3-BDC = 1,3-benzenedicarboxylate; TMQPTC = 2′,3′′,5′′,6′-tetramethyl-

[1,1′:4′,1′′:4′′,1′′′- quaterphenyl]-3,3′′′,5,5′′′-tetracarboxylate. 

 
1.2.2 Metal-ligand bond strength 

Metal-ligand coordination bond strength plays a key role for determining the stability of 

MOFs in water. The stability of MOFs are governed by acid-base coordination chemistry. Strong 

coordination bonds are expected between hard Lewis acids and bases or soft Lewis acids and bases. 

Pearson’s hard/soft acid/base principle can be rough approximation for the metal-ligand bond 

strength. Carboxylate-based ligands can be regarded as hard bases and they form strong 

coordination bonds with high valent metal ions e.g. Cr(III), Al(III), Fe(III), Zr(IV), Hf(IV), Ce(IV) 

or Ti(IV), which can act as hard acids.35,36 A highly stable mesoporous metalloporphyrin MOF  

called PCN-600(Fe) was synthesized by Zhou et. al based on this strategy.37 The stp-a network of 

PCN-600(Fe) contains four-connected square planar tetrakis (4-carboxyphenyl) porphyrin (TCPP) 

ligand with D4h symmetry and six-connected Fe3O(OOC)6 metal cluster with D3h symmetry 

(Figure 1.4). 
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Figure 1.4 (a) The stp-a network of PCN-600(Fe), (b) the view of D3h symmetric six-connected 

and (c) D4h four-connected nodes, and (d, e) corresponding nodes commonly seen in other MOFs 

and PCN-600. Reproduced with permission from ref. 37. Copyright 2014 American Chemical 

Society. 

 
The soft acidic metal cations (such as Zn2+, Cu2+, Ni2+) can coordinate with soft basic N-

donor ligands, which form much stronger metal-N bonds than those of metal-O bonds by 

coordination with the hard-base carboxylate ligands. The ZIF-8 framework constructed from Zn2+ 

and 2-methylimidazole ligands received widespread interests because of its excellent thermal and 

hydrothermal stability.38 

Figure 1.5 The reaction coordinate diagram representing the importance of kinetic factors in 

controlling the stability of MOFs in aqueous system. Reproduced with permission from ref. 39. 

Copyright 2014 American Chemical Society. 
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1.2.3 Local environment and steric factors 

The isolated properties of metal ions and ligands are not solely responsible for the stability 

of a framework system. The hydrolytic stability of a MOF material also largely depends on the 

coordination geometry, extent of orbital overlap, high connectivity of metal cluster and steric 

factors. Two MOFs with similar thermodynamic stabilities governed by the metal-ligand 

coordination may show different rates of hydrolysis controlled by kinetic effects.39 Figure 1.5 

shows a reaction coordinate diagram for two different MOFs with same thermodynamic stabilities. 

The MOF following reaction path 1 (green) during hydrolysis is more stable than the other 

following reaction path 2 (red). Therefore, the kinetic factor controlled by the local environment 

(steric effect or hydrophobicity) is equally important for the hyrolytic stability of MOFs. 

Figure 1.6 The representations of the 3D cubic framework structure of UiO-66 in ball-and-stick 

model. (a, b) The framework showing spatial arrangements of the octahedral and the tetrahedral 

cages present in the MOF, represented by orange and yellow spheres, respectively. (c, d) 

Magnified views of the octahedral and the tetrahedral cages. Zr atoms are displayed as octahedra 

(color codes: Zr, blue; C, gray; O, red). Reproduced with permission from ref. 40. Copyright 2013 

Royal Society of Chemistry. 

 

Zr(IV)-based UiO (UiO = University of Oslo) type MOFs with an inner Zr6O4(OH)4 metal 

core show exceptional stabilities. Zr6-octahedron are alternatively capped by μ3-O and μ3-OH 
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groups. The edges of Zr6-octahedron are bridged by carboxylates (-CO2) originating from the 

H2BDC ligand forming Zr6O4(OH)4(CO2)12 cluster. The eight oxygen-coordinated zirconium 

atoms form a square-antiprismatic coordination. One square face of the antiprism is formed by 

oxygen atoms supplied by carboxylates while the second square face of the antiprism is formed by 

oxygen atoms coming from the μ3-O and μ3-OH groups (Figure 1.6).40 The high connectivity of 

metal clusters in the UiO type framework provides high thermal and chemical stability. The 

isostructural framework constructed by Hf(IV), Ce(IV), Th(IV) also show good stability in water. 

This high coordination number also relates with the stability reported in a range of other MOFs 

including the Zr/Hf-based DUT-51, -53, -67-69, -84,41-43 PCN-56-59, -222, -224, -225,44-47 MIL-

140,48 and MOF-525, -545.49 

Figure 1.7 The view of coordination environment of SBU (a - DUT-52; b - DUT-53(Hf); c - DUT-

84(Zr).) and 3D framework structure (d - DUT-52; e - DUT-53(Hf); f - DUT-84(Zr). Reproduced 

with permission from ref. 43. Copyright 2013 Royal Society of Chemistry. 

 

A series of water-stable Zr(IV) and Hf(IV) MOFs namely DUT (DUT = Dresden 

University of Technology) were synthesized by Kaskel et al. with linear and bent carboxylic acid 

ligands. The MOF called DUT-51(Zr) was synthesized using a bent dithieno[3,2-b;2′,3′-

d]thiophene-2,6-dicarboxylate (DTTDC), which contains an eight-connecting Zr-cluster with an 

overall composition of [Zr6O6(OH)2(DTTDC)4(BC)2(DMF)6](DMF)12(H2O)19 (BC = benzoic acid 

and DMF = N,N-dimethylformamide).41 The isomorphous Hf(IV) analogue called DUT-51(Hf) 
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with the same composition [Hf6O6(OH)2(DTTDC)4(BC)2(DMF)6](DMF)12(H2O) was also 

reported. DUT-52 and DUT-53 were synthesized with linear 2,6-naphthalenedicarboxylate (2,6-

NDC) as a ligand.43 DUT-52 synthesized using Zr(IV) salt shows a 12-connected [Zr6O4(OH)4]12+ 

SBU, which is isoreticular with UiO-66. DUT-53(Hf) structure is built up with [Hf6O6(OH)2]10+ 

SBUs (Figure 1.7b) interconnected by eight 2,6-NDC linkers giving rise to an 8-connected 

framework. The structure of DUT-84(Zr) is composed of double layers and involves 6-connected 

[Zr6O8(CH3COO)2]6+ SBUs (Figure 1.7c). The structure of DUT-67, similar to DUT-51, contains 

an 8-connected cluster. The structures of DUT-68(Zr) and DUT-68(Hf) also contain 8-connected 

clusters.41 The structure of DUT-69 is based on the uninodal 10-connected framework.42 Similar 

high connectivity was also observed in highly stable Zr6-based PCN MOF.50  

 

1.2.4 Hydrophobicity 

 Water-based hydrolysis of MOFs occurs mainly in two primary steps. At first, the water 

molecule comes close to the metal cluster, which allows the interaction between the electrophilic 

metal ion and nucleophilic water molecule. In the second step, the energetics of this interaction 

must be greater to overcome the activation energy barrier of the hydrolysis reaction.39 The 

framework hydrophobicity can play a key role to control the first step of the reaction. It has been 

observed that the stability of MOFs under humid conditions can be improved by incorporating 

hydrophobic functional groups in the ligands.51 The direct installation of ligands during MOF 

synthesis or post-synthetic modification (PSM) of ligands was widely adopted for the synthesis of 

hydrophobic frameworks. 

 

1.2.4.1 Hydrophobic ligands 

 The use of hydrophobic ligands during the synthesis is a simple and single-step protocol 

for the synthesis of hydrophobic MOFs. The presence of hydrophobic groups in the framework 

structure increases the pore hydrophobicity and repeal the water molecules, which prevents further 

interactions of water molecules with metal ions. Methyl, ethyl, phenyl or long chain alkyl groups 

including fluorinated functional groups are commonly used for the design of hydrophobic ligands. 

The pore hydrophobicity decreases the water adsorption, which can be directly verified by 

performing the water adsorption isotherms on the sample. The fluorous metal-organic frameworks 
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(FMOFs) synthesized by Omary et al. with a fluorous ligand, 3,5-bis(trifluoromethyl)-1,2,4-

triazolate showed no detectable water adsorption even at near 100% relative humidity, confirming 

the hydrophobicity of the framework.52 Few water-stable MOFs constructed with hydrophobic 

ligands are summarized in Table 1.2. 

  

Table 1.2 Summary of some representative stable MOFs constructed with hydrophobic ligands. 

MOFs Surface 

Modification 

Type 

Synthesis 

Method 

Structure of Organic 

Ligand 

Water 

Contact 

Angle [°] 

Ref. 

PESD‐1 aromatic ring direct 

synthesis 

 

>150 53 

UPC-21 multi-

aromatic 

rings 

direct 

synthesis 

 

145 ± 1 54 

FMOF-1/ 

FMOF-2 

fluorinated 

aromatic ring 

direct 

synthesis 

 

- 52 

MOFF-1 fluorinated 

aromatic ring 

direct 

synthesis 
 

108 ± 2 55 

MOFF-2 fluorinated 

aromatic ring 

direct 

synthesis 
 

151 ± 1 55 

MOFF-3 fluorinated 

aromatic ring 

direct 

synthesis 
 

135±2 55 

UHMOF‐

100 

fluorinated 

aromatic ring 

direct 

synthesis 

 

176 56 
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Al-MIL‐

53‐AM4 

alkyl chain 

(C4) 

post-

synthetic 

modification  

>150 57 

Al-MIL-

53‐AM6 

alkyl chain 

(C6) 

post-

synthetic 

modification 
 

>150 57 

F-ZIF-90 fluorinated 

aromatic ring 

post-

synthetic 

modification  

159.1  58, 59 

 

1.2.4.2 Post-synthetic modification  

Post-synthetic modification (PSM) is another well accepted method to tune the surface 

functionality of MOF materials. The transformation of hydrophilic to hydrophobic MOFs via PSM 

method was accomplished by several research groups. This transformation can be accomplished 

by mainly two methods. First, the ligand present in MOFs can be functionalized by PSM method. 

Second, the surface of the MOF material can be coated by various techniques. 

 

1.2.4.2.1 Post-synthetic functionalization of ligands  

 Cohen et al. showed post-synthetic covalent modification of metal-organic frameworks 

with long alkyl substituents to protect these materials against moisture.57 The MOF constructed 

with polar 2-amino-1,4-benzenedicarboxylate (NH2-BDC) displayed hydrophilic properties. The 

amino group was modified with different alkyl anhydrides to form amide-functionalized MOFs. 

The introduction of hydrophobic alkyl chains via PSM improves the water resistance and change 

the physical properties (i.e., hydrophobicity) of the MOF. Contact angle measurements are 

commonly used to examine the hydrophobic properties of materials. The materials with water 

contact angles (WCA) >150° are considered as superhydrophobic. After modification, Al-MIL-

53-NH2 MOF possessed superhydrophobic properties with contact angles greater than 150°. 

 Superhydrophobic zeolitic imidazole framework (F-ZIF-90) was reported by Huang et al. 

by using a fluorine-functionalized imidazolate as an organic linker.58,59 PSM of ZIF-90 with 
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pentafluorobenzylamine via amine condensation reaction resulted in superhydrophobis surface of 

the MOF material, which showed high steam stability. 

  

1.2.4.2.2 Post-synthetic surface modification  

The hydrophobic surface coating of MOF material is another method to stabilize MOFs 

under humid conditions. A well-known MOF called UiO-66-NH2 was coated with microporous 

organic network (MON). The MON-coated UiO-66-NH2 was synthesized via Sonogashira 

coupling of tetra(4-ethynylphenyl)methane with 1,4-diiodobenzene or 4,4′-diiodobiphenyl (Figure 

1.8).60 The MON thickness on UiO-66-NH2 was controlled by changing the amount of tetra(4-

ethynylphenyl)methane. Water contact angle measurement showed the chemical changes of the 

surface properties of MOF@MONs as compared to the original UiO-66-NH2 MOF. The water 

contact angle increased up to 145° for the MON-coated MOF material and it showed an adsorption 

of a model organic compound, toluene, in water. 

Figure 1.8 Schematic presentation for the synthesis of MOF@MON hybrid materials. Reproduced 

with permission from ref. 60. Copyright 2014 American Chemical Society. 

 

Vapor deposition technique was also adopted to modify the MOF surface with hydrophobic 

polydimethysiloxane (PDMS) materials to enhance their moisture or water resistance. Yu et al. 

developed a general strategy for PDMS coating on MOF-5, HKUST-1 and ZnBT as representative 

vulnerable MOFs (Figure 1.9).61 The PDMS-coated MOFs showed nearly 100% retention of 
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porosity as confirmed by surface area analysis. Compared to the pristine MOFs, all PDMS-coated 

samples displayed water contact angles of 130 ± 2°, which revealed hydrophobic character of the 

surface.  

A plasma-enhanced chemical vapor deposition (PECVD) of perfluorohexane on Cu-BTC 

MOF was used for the pore surface modification with hydrophobic -CF3 group.62 The plasma-

treated MOF showed enhanced stability against degradation by water. The Monte Carlo 

simulations suggested that the perfluorohexane sites prevent the formation of water clusters within 

the Cu-BTC MOF, thereby improving the water stability. 

 

 

Figure 1.9 Schematic presentation of PDMS-coating on the surface of MOFs and the enhancement 

of water resistance of MOFs. Reproduced with permission from ref. 61. Copyright 2014 American 

Chemical Society. 

 

Park et al. described the formation of amorphous carbon coatings on the surface of MOFs 

that prevented hydrolysis.63 The controlled heat treatment of IRMOF‐1 under nitrogen atmosphere 

led to the formation of an amorphous carbon coating on its surface, which shielded the framework 

from decomposition under humid conditions. The overheated MOF produced ZnO@carbon 

material that did not display microporosity or chemical characteristics of MOFs. The carbon-

coated MOF prepared at 510° C showed undamaged crystalline structure after 2 h of soaking in 

water (Figure 1.10). 
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Figure 1.10 Schematic presentations and XRPD patterns of IRMOF-1 (a) and carbon-coated 

IRMOF-1 after thermal treatment at increasing temperatures (b and c). At a temperature of 550 

°C, the structure of IRMOF-1 transforms into ZnO nanoparticles@amorphous carbon (d). 

Reproduced with permission from ref 63. Copyright 2012 Wiley Online Library. 

 

1.3 Applications of water-stable MOFs 

With the advantage of stability in aqueous medium, water-stable MOFs can be efficiently 

applied in a broad range of areas.64 Adsorption in both gaseous and liquid phases is a classical 

example for the applications of the water-stable MOFs.65-69 The sensing of different analytes in 

pure aqueous medium by MOFs opens up enormous opportunities for the monitoring of water 

health as well as medicinal diagnoses.70-76 Water-stable MOFs as heterogeneous catalysts further 

promote the opportunity of the commercialization of MOF materials in industrial scale.77-79 The 

other important applications of water-stable MOFs include proton conduction, cell imaging and 

drug delivery.80-84 Few applications of water-stable MOFs in adsorption, sensing and catalysis will 

be discussed in the next sections. 

 

1.3.1 Adsorption 

Adsorption is one of the prime applications of porous materials. Porous materials including 

activated carbons, mesoporous silicas and zeolites are largely used in the chemical industry. The 

exceptional structural features, variable functionalization and tunable porosities of MOFs make 

these materials to be superior over other conventional porous materials. Highly porous water-stable 

MOFs with great structural diversity can be used as high-capacity adsorbents. Current literature 

survey suggests that water-stable MOF materials have been also successfully employed for gas 
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storage and separation, water adsorption and adsorptive removal of various targeted compounds 

from water-based systems. 

 

1.3.1.1 Adsorption of water 

Poor stability of MOFs under humid conditions restrict their applications as adsorbents for 

water. The water-stable MOFs have been employed for the adsorption of water in recent years. 

The water adsorption of a representative set of MOFs with various hydrolytic stability was 

systematically examined by Kaskel et al. The water stability and water adsorption capacity of the 

metal-organic frameworks such as HKUST-1 (Cu3(BTC)2; BTC = benzene-1,3,5-tricarboxylate), 

ZIF-8, MIL-101, Fe-MIL-100 and DUT-4 (Al(OH)(NDC); NDC = naphthalene-2,6-

dicarboxylate) were studied.85 In this study, HKUST-1 showed the highest water adsorption 

affinity although it is unstable in direct contact with water. The MIL-101, Fe-MIL-100 and ZIF-8 

materials showed good stability in water. The water adsorption isotherms of Fe-MIL-100 and MIL-

101 MOF suggested that these materials show high water uptake only at higher concentrations. 

The pore size and the ‘bridging effect’ played crucial roles in water adsorption. 

Stock et al. studied the effect of functionalization on the water adsorption capacity of the 

highly water-stable Al(III)-based MOF called CAU-10 (CAU = Christian-Albrechts-University).86 

The decoration of the inner walls of CAU-10 by different functional groups (-NH2, -NO2, -CH3, -

OCH3 and -OH groups) strongly affected the water adsorption capacity and the shape of the water 

adsorption isotherms (Figure 1.11). The water adsorption capacity decreased upon increasing the 

size of the functional group. Hydrophilic groups (-NH2, -OH) showed adsorption at a lower relative 

humidity whereas hydrophobic substituents (-NO2, -OCH3, -CH3) exhibited adsorption at higher 

relative humidity with a lower adsorption capacity. 
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Figure 1.11 Water adsorption isotherms at 298 K of a series of functionalized (-NO2, -NH2, -CH3, 

-OCH3, and -OH) CAU-10 MOFs. Reproduced with permission from ref. 86. Copyright 2013 

American Chemical Society. 

 

 
Figure 1.12 Water uptake capacities for Zr-based MOFs in different pressure ranges (left) and 

other MOF materials (right) at 298 K. Left and right bars represent the first and fifth cycles, 

respectively. The asterisk (*) mark indicates no data. Reproduced with permission from ref. 87. 

Copyright 2013 American Chemical Society. 

 

Yaghi et al. identified the three main criteria for attaining high performing porous materials 

for water adsorption application based on a comparative water adsorption study of 23 materials, 

20 of which are MOFs including 10 Zr(IV) MOFs (Figure 1.12).87 Other than high water stability, 

these criteria include condensation pressure of water in the pores, uptake capacity, and 
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recyclability. Zr(IV)-based MOF-801-P and MOF-841 are the highest performers which are 

constructed with fumaric acid and 4,4′,4″,4‴-methanetetrayltetrabenzoic acid, respectively. 

 
 

Table 1.3 Summary of reported MOFs with porous features and water adsorption capacities 

measured at 298 K. 

MOF Pore 

Diameter 

(nm) 

SBET (m2 g-1) Pore volume 

(cm3 g-1) 

Water Uptake 

(cm3 g-1) 

Ref. 

HKUST 0.9/0.6 1270 0.62 0.51 88 

Al-MIL-53-

NH2 

n.d. n.d. n.d. 0.09 89 

Al-MIL-53-

OH  

n.d. n.d. n.d. 0.40 89 

Al-MIL-100 2.5/2.9   1814 1.14 0.50 90 

Cr-MIL-101  2.9/3.4 3017 1.61 1.28 85 

Cr-MIL-101  2.9/3.4 3124 1.58 1.40 91 

Cr-MIL-101-

NH2  

< 2.9/3.4 2690 1.6 1.06 92 

Cr-MIL-101-

NO2  

< 2.9/3.4 1245 0.7 0.44 92 

Fe-MIL-100 2.5/2.9 1549 0.82 0.81 85  

CAU-6  0.5/1.0 625 0.25 0.32 93 

CAU-10  0.7 635 0.25 0.31 86 

CAU-10  0.7 600 0.26 0.3 87 

CAU-10-CH3 n.d. n.d. n.d. 0.15 86 

CAU-10-

OCH3  

n.d. n.d. n.d. 0.07a 86 

CAU-10-NH2 n.d. n.d. n.d. 0.19a 86 

CAU-10-NO2 n.d. 440 0.18 0.15a 86 

CAU-10-OH n.d. n.d. n.d. 0.27 86 
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UiO-66  0.75/1.2 1160 0.52 0.40 88 

UiO-66  0.75/1.2 1290 0.49 0.42 87 

UiO-66-NO2  < 0.75/1.2 792 0.4 0.37 94 

UiO-66-NH2  < 0.75/1.2 1123 0.52 0.34 94 

UiO-66-2,5-

(OMe)2 

n.d.  868 0.38 0.42 94 

MOF-841 0.9  1390 0.53 0.48 87 

a Measured at lower relative humidity p/p0 = 0.5– 0.7. 

 

1.3.1.2 Adsorption of other molecules/ions  

Other than water adsorption, the water-stable MOFs have been also utilized for the 

adsorption and separation of gases under humid conditions. Water-stable MOFs can be applied to 

separate gases including different volatile organic compounds (VOCs). The adsorptive separation 

of dyes, oils, metal ions and anions by water-stable MOFs have been also demonstrated.  

 

1.3.1.2.1 Adsorption of gases 

In last two decades MOFs have shown remarkable progress in gas adsorption and 

separation.95-98 Dehumidified and pure gas are generally required for any practical application. 

Eddaoudi et al. have reported a fluorinated hydrolytically stable MOF called AlFFIVE-1-Ni 

(KAUST-8), which can selectively remove water vapor from gas streams containing CO2, N2, CH4, 

and higher hydrocarbons.99 The MOF material is also capable to remove both H2O and CO2 in N2-

containing streams. 

 MOFs have attracted much interests for hydrogen or methane storage in vehicles. Both 

methane and hydrogen are promising candidates as replacements for gasoline (petrol). Zr-based 

MOF, NU-1100 reported by Farha et al. exhibited very promising gas uptake for hydrogen and 

natural-gas storage.100 The total volumetric hydrogen adsorption at 65 bar and 77 K is 43 g L−1 

(0.092 g g−1), which is promising for hydrogen storage application by NU-1100 at low temperature. 

The methane gravimetric deliverable capacity of NU‐1100 is 0.24 g g−1, which is significantly 

high. 
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 Carbon dioxide (CO2) is a main greenhouse gas, which is released through human activities 

such as deforestation and burning fossil fuels including natural processes such as volcanic 

eruptions.101 The annual global emission of CO2 has been increased by approximately 80% 

between 1970 and 2004.  The porous and robust MOF materials have shown remarkable progress 

for CO2 adsorption in last decades.102 The capture of CO2 gas in presence of water have been 

accomplished by several water-stable MOFs. The selective capture of CO2 in 65% RH was 

reported by Yaghi et al. for IRMOF-74-III-CH2NH2 and IRMOF-74-III-(CH2NH2)2.103,104 The 

high affinity towards CO2 gas by amine functional groups was attributed to the strong dipole-

quadrupole interactions between amine functional group and CO2. Am amide-CO2 hydrogen 

bonding interaction was also suggested for CO2 adsorption by a flexible metal‐organic framework, 

{[Mn2(2,6‐ndc)2(bpda)2]⋅5DMF}n (2,6‐ndc = 2,6‐naphthalene dicarboxylate; bpda = N,N′‐bis (4‐

pyridinyl)‐1,4‐benzene dicarboxamide).105 

 

1.3.1.2.2 Adsorption of small molecules  

Using isoreticular chemistry, a series of MOFs with tunable aperture size was reported with 

rare-earth metal ions (Eu3+, Tb3+ and Y3+) for the separation of controlled and selective solvent 

molecules and light hydrocarbons. The fumarate-based fcu-MOF displayed complete exclusion of 

branched paraffins from normal paraffins. The fcu-MOF constructed with bulky 1,4-

naphthalenedicarboxylate (1,4-NDC) ligand exhibited an exceptionally high selectivity for n-

C4H10 over CH4.106,107 The copper(II) paddle wheel based hydrolytically stable MOF [Cu4(tdhb)] 

(BUT-155), constructed with 3,3′,5,5′-tetrakis(3,5-dicarboxyphenyl)-2,2′,4,4′,6,6′-

hexamethylbiphenyl ligand, showed a high performance for selective adsorption of soft-base type 

aniline over water or phenol.76 

The fluorous metal-organic framework (FMOF-1) constructed from silver(I) 3,5-bis 

(trifluoromethyl)-1,2,4-triazolate showed hydrophobic behavior with a high capacity and affinity 

to C6-C8 hydrocarbons of oil components.52 Based on its high water stability, the material could 

be used for oil-spill cleanup. Another fluorinated ultrahydrophibic MOF called UHMOF-100 was 

synthesized by Ghosh et al. This MOF exhibited excellent oil adsorption capacities and reusability 

features.56 Based on the excellent features of this MOF, a MOF-coated membrane was fabricated 

for the separation of oil from water (Figure 1.13). Post-synthetically modified MOF@MON hybrid 
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materials, reported by Son et al., demonstrated an excellent performance for the adsorption of 

toluene in water.60 

 

Figure 1.13 Schematic presentation of fluorinated ultrahydrophobic pore surface, utilized as a 

potential method to obtain ultrahydrophobicity in MOFs. Reproduced with permission from ref. 

63. Copyright 2016 Wiley Online Library. 

  

 Water-stable MOF materials were successfully utilized for the adsorptive removal of 

various organics from contaminated water.108-112 The well-studied Zr(IV)-based UiO-66 MOF was 

employed for the adsorptive removal of an anionic dye, methyl orange (MO).112 Experimental data 

suggested that the adsorption capacity of UiO-66 toward MO was higher than that of methylene 

blue (MB). The adsorption and removal of phthalic acid and diethyl phthalate from water by UiO-

66 and UiO-66-NH2 MOFs were also investigated.113 A comparative study supported that ZIF-8 

MOF has higher adsorption capacity as compared to UiO-66 framework. The adsorptive removal 

of naproxen and clofibric acid, two typical PPCPs (PPCP = pharmaceuticals and personal care 

product) by MOF materials was reported by Jhung et al. The Cr-MIL-101 and Fe-MIL-101 

compounds showed higher removal efficiency as compared to porous activated carbons.114  

 

1.3.1.2.3 Adsorption of ions 

Separation of cation mixtures via chromatography is another promising application for 

water-stable MOFs. Zhang et al. reported a 3D pillar-layer framework, [Zn(trz)(H2betc)0.5]·DMF, 
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with uncoordinated carboxyl groups which exhibited exceptional stability.115 The pillar-layer 

MOF can selectively adsorb Cu2+ ions and it was employed for the column chromatographic 

separation of Cu2+/Co2+ mixture. The selective adsorption of Cu2+ over Cd2+ and Ni2+ ions was 

studied by Biswas et al. with a water-stable thienothiophene based Zr(IV) MOF.116 

Phosphorylurea-derived Zr(IV)-MOFs with UiO-68 topology were synthesized by Lin  et al., 

which showed efficient sorption capacity for uranyl ions.117 Two isostructural mesoporous MOFs, 

PCN-100 and PCN-101, constructed with Zn4O(CO2)6 secondary building blocks and extended 

ligands containing amino functional groups, were employed to capture metal ions like Cd2+ and 

Hg2+.118 

 The removal of toxic ionic pollutant such as arsenic was accomplished by Wang et al. using 

Zr-UiO-66 MOF across a broad pH range of 1 to 10.119 The superior arsenic removal performance 

of UiO-66 MOF could be attributed to the crystalline structure containing zirconium oxide clusters. 

These clusters provide active sites along with two binding sites within the adsorbent framework, 

i.e., hydroxyl group and benzenedicarboxylate ligand. Two MOFs namely 

[Zn2(Tipa)2(OH)]·3NO3·12H2O (FIR-53, Tipa = tris(4-(1H-imidazol-1-yl)phenyl)amine)) and 

[Zn(Tipa)]·2NO3·DMF·4H2O) (FIR-54) were synthesized by Zhang et al., which can efficiently 

trap the inorganic pollutant ion Cr2O7
2– via single-crystal-to-single-crystal (SC-SC) approach.120 

A mesoporous cationic thorium-based MOF called SCU-8 containing channels with a large inner 

diameter of 2.2 nm showed a rapid removal of oxo anions like ReO4
− and Cr2O7

2− by driving forces 

including electrostatic interactions, hydrogen bonds, hydrophobic interactions and Van der Waals 

interactions.121 

1.3.2 Chemical sensing 

The development of fluorescence-based sensors has aroused tremendous scientific 

interests, since fluorescence techniques are highly sensitive and easy to operate.70 MOFs are 

considered for fluorescence sensing applications with remarkable performance because of their 

specific photoluminescent properties occurring from conjugated ligands and metal ions (e.g. 

lanthanides), which are further enhanced by their unique structural design, porosity and high 

surface areas.122,123 The effectiveness of MOFs for the sensing of different analytes present in water 

was successfully proven in past years. Due to the unique porous structures, MOFs can act as hosts 

for fluorescent guest molecules, which is hardly possible for other materials.124-126 Ghosh. et al. 
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summarized the various possible photophysical processes in MOFs as displayed in Figure 1.14.127 

The sensing of water in organic solvents is important to check the quality of anhydrous solvents. 

The detection of targeted analytes present is water is another important issue for monitoring the 

water health. Other than fluorescence sensing, a few MOF materials were also employed for the 

colorimetric sensing of various target analytes.128-131 

 

 

Figure 1.14 Schematic representation of the various possible phenomenon responsible to the 

emission of MOFs. Reproduced with permission from ref. 127. Copyright 2017 Royal Society of 

Chemistry. 

 

1.3.2.1 Sensing of water 

The robust microporous Zn-MOF called LIFM-CL1, constructed with a ligand that exhibits 

characteristic excited-state intramolecular proton transfer (ESIPT), was employed for the ultrafast 

naked eye sensing of water.132 The Zn-MOF underwent facile single-crystal-to-single-crystal 

transformation driven by reversible removal/uptake of coordinating water molecules. The 

interconversion between the hydrated and dehydrated phases could turn the ligand ESIPT process 

on or off, resulting in a two-color photoluminescence switching. Figure 1.15 shows the schematic 

presentation of water sensing mechanism via different ESIPT processes. This MOF was applied 

in relative humidity sensing (RH<1%) including the detection of traces of water (<0.05% v/v) in 

various organic solvents. 

TH-2006_146122002



Chapter 1 
 

25 
 

Figure 1.15 Schematic representation of the water sensing mechanism in hydrated LIFM-CL1-

H2O (a) and dehydrated LIFM-CL1 (b) structures, in which the keto-enol tautomerization on 

excitation is blocked in LIFM-CL1-H2O by H-bonding, but turned on in LIFM-CL1. Reproduced 

from ref. 132. Copyright 2017 Nature Publishing Group. 

  

Fluorescent MOFs constructed with lanthanides metal ions have shown great potentials for 

the sensing of water. Dong and co-workers have synthesized two Ln3+-MOFs which have ellipse-

like channels filled with H-bonded water molecules as guests. The water-loaded MOFs showed 

strong fluorescence whereas the dehydrated framework featured strong fluorescence quenching 

and the process is reversible in nature.133 Fluorescent lanthanide-MOF polymer mixed-matrix 

membranes (LnMOF@MMMs) were synthesized by Buschbaum et al. which can be used for the 

detection of very low relative humidity (only 2%).134 
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1.3.2.2 Sensing of targeted analytes in water 

 The application of MOFs for fluorescence sensing is a well-established field of research. 

The lack of stability of many MOFs in aqueous medium restricts their applications in real field. 

Water-stable MOFs break that restriction as they are hydrolytically stable. Among the various 

target analytes, the detection of nitroaromatic compounds (NACs) by stable MOFs has been well-

studied.135-139 2,4,6-Trinitrophenol (TNP), commonly known as picric acid, is one of the most 

hazardous and water soluble explosive molecules, which acts as a strong fluorescence quencher. 

Various research suggested different mechanisms for the picric acid induced quenching including 

photo-induced electron transfer (PET),140 fluorescence resonance energy transfer (FRET),141 

molecular interactions (such as electrostatic interactions)142 and inner‐filter effect (IFE).143 A 

highly fluorescent amine-functionalized Zr(IV)-based MOF with UiO-68 topology was efficiently 

applied for the selective detection of picric acid in water.144 A MOF-coated paper test strip was 

also developed for in-field applications (Figure 1.16). Hou et al. reported a Tb-based water-stable 

MOF, which can detect the NACs even in vapor phase.145 

 

Figure 1.16 (a) Paper strip based detection of explosives in the aqueous phase. (b) Response of 

MOF-coated paper strips towards various nitro analytes under UV light (A = 2,4,6-trinitrophenol 

(TNP), B = 2,4,6-trinitrotoluene (TNT), C = 1,3,5-trinitro-1,3,5-triazacyclohexane (RDX), D = 

2,4-dinitrotoluene (2,4-DNT), E = 1,3-dinitrobenzene (DNB), F = 2,6-dinitrotoluene (2,6-DNT), 

G = nitrobenzene (NB), H = 2,3-dimethyl-2,3-dinitrobutane (DMNB)). Reproduced with 

permission from ref. 144. Copyright 2015 Royal Society of Chemistry. 

 

 A few stable MOFs were employed for the sensing of gas molecules. Ghosh et al. 

developed a reaction-based detection methodology for the sensing of toxic hydrogen sulphide 

(H2S) gas dissolved in water.146,147 The presence of nitro (NO2) or azide (N3) functional group can 

act as a reaction site towards H2S gas. Based on this strategy, few stable MOFs were utilized as 
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fluorescence turn-on probes for the sensing of H2S gas.148-152 Gu et al. strategically developed a 

stable Zr(IV)-based MOF called PCN-224(Pt) containing platinum(II) porphyrin core, which can 

act as an oxygen-sensitive center.153 The fluorescent platinum(II) porphyrinic MOF showed a 

unique response towards dissolved oxygen. The water-dissolved SO2 gas readily formed a mixture 

of sulfite and bisulfite (SO3
2– and HSO3

–) ions. The SO3
2– ion generated from SO2 gas could be 

selectively detected by stable MOF-5-NH2 material.154 The reusable nature of this MOF probe 

makes it a potential luminescent sensor to detect SO3
2– for practical applications.  

Moreover, a large number of stable MOFs have been recently reported for the detection of 

cations and anions in water. A water-stable Eu(III)-functionalized Zr(IV)-MOF was constructed 

by encapsulating Eu3+ cations into the pores of Zr-UiO-66-(COOH)2.155 The Eu(III)-encapsulated 

MOF system showed a naked eye response for only toxic Cd2+ cation over other cations in water. 

In another report, the Al-MIL-53 MOF was employed to detect the Fe3+ ion via metal ion exchange 

mechanism.156 Furthermore, several water-stable MOFs have been also prepared for the selective 

detection of anions in water. A stable Zr(IV)-based MOF constructed from C═C bridged di-

isophthalate ligand showed high stability in water and it was employed for the sensitive detection 

of Cr2O7
2– anion.157 Cao et al. employed another water-stable Zr-MOF for the selective detection 

of Cr2O7
2− anion.158 A cationic dye  namely 3,6-diaminoacridinium cation (DAAC) was loaded 

inside the porous channels of hydrolytically stable bio-MOF-1 by the conventional cation-

exchange process by Ghosh et al. for the selective detection of lethal cyanide anion (CN−) in 

aqueous medium (Figure 1.17).159 

In addition, a few water-stable MOFs materials have been reported for the selective 

detection of biologically active small molecules (e.g. ascorbic acid, dopamine, cysteine, 

glutathione, etc.).160-164 Post-synthetically modified UiO-66 MOF was also employed for pH 

sensing application.165 A few examples of water-stable MOFs are summarized in Table 1.4 with 

their applications for various sensing processes.  
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Fig. 1.17 Schematic representation of chemodosimetric approach in bio-MOF-1⊃DAAC 

prompted by CN− inducing a turn-on fluorescence response. Reproduced with permission from 

ref. 159. Copyright 2017 Royal Society of Chemistry.  

 

Table 1.4 Summary of reported MOFs with porous features and water adsorption capacities 

measured at 298 K. 

Type of 

Targeted 

Analyte 

MOF Analyte Limit of 

Detection 

Ref. 

nitro-

aromatics 

BUT-12 TNP 23 ppb 136 

BUT-13 TNP 10 ppb 136 

{[Zn2(L)2(bpy)]·(DMF)·(H2O)2}n TNP 2.62 ppm 138 

UiO-68  TNP 1.6 × 10−6 M 141 

UiO-68-NH2 TNP - 144 

{Cd(INA)(pytpy)(OH)·2H2O}n TNP 9.1 × 10−3 mM 166 

bio‐MOF‐1 TNP 2.9 ppb  167 

{[Zn(2, 5‐tdc)(3‐abit)]⋅H2O}n TNP 3.3 × 10−3 mM 168 

biomolecules UiO-66-DNS cysteine 9.8 μM 163 

UiO-66-PSM  bilirubin  0.59 pmol/L  169 

MN-ZIF-90 amino acids - 170 

Tb3+@1 dipicolinic acid 3.6 nM. 171 

Eu@MIL-121  hippuric acid 9 μg mL−1  172 

Fe-MIL-88 H2O2 46 nm  173  
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Cu2+@MIL-91(Al:Eu) uric Acid 1.6 μmol L–1 174 

cations MIL-53-L Cu2+ - 175 

UiO-66-NH2-Eu  Cd2+ 0.22 μM 155 

[In2(OH)2(H2TTHA)(H2O)2]n Ru3+ 0.26 ppm 176 

[In2(OH)2(H2TTHA)(H2O)2]n UO2
2+ 0.42 ppm 176 

{Cd(INA)(pytpy)(OH)·2H2O}n Cu2+ 3.9 × 10−3 mM 166 

[Zn(dbp)]n Mn2+ 1.80 × 10−4 M 177 

[Cd(dbp)(H2O)·2H2O·CH3CN]n Mn2+ 5.08 × 10−6 M 177 

NNU-1 Fe3+ 0.20× 10−3 M 178 

[(CH3)2NH2][In(TNB)4/3] 

·(2DMF)(3H2O) ⊃DSM 

Hg2+ 1.75 ppb 179 

[Eu2L(1,3-bdc)3]·5H2O Fe3+ 0.023 mM 180 

anions EuCPBDA MnO4
− - 181 

 bio-MOF-1⊃DAAC  CN−  5.2 ppb  159 

Pt(II)TMPyP/rho-ZMOF S2− 27 nM 182  

{Eu2L3(DMF)}·2DMF PO4
3− 6.62 μM  183  

UiO-66-NH2 PO4
3− 1.25 μM 184 

[Eu7(mtb)5(H2O)16]+ Cr2O7
2− 0.56 ppb  185 

[(CH3)2NH2][In(TNB)4/3] 

·(2DMF)(3H2O) ⊃DSM 

Cr2O7
2− 0.079 μM  

(23 ppb) 

179 

{[Zn(2, 5‐tdc)(3‐abit)]⋅H2O}n Cr2O7
2−/CrO4

2− - 168 

Linkers are abbreviated as: pytpy = 4′-(4-Pyridinyl)-2,2′:6′,2′′-terpyridine; INA = isonicotinic acid; 

2,5‐tdc = 2,5‐thiophenedicarboxylic acid; 3‐abit = 4‐amino‐3,5‐bis(imidazol‐1‐ylmethyl)‐1,2,4‐

triazole; H2TTHA = 1,3,5-triazine-2,4,6-triamine hexaacetic acid; H2dbp = 4′-(4-(3,5-

dicarboxylphenoxy)phenyl)-4,2′:6′,4′′-terpyridine; TNB = 4,4′,4′′-nitrilotribenzoicacid; CPBDA = 

3-(6-carboxypyridin-3-yl)benzene-1,4-dioic acid; mtb = 4-[tris(4-carboxyphenyl)methyl]benzoic 

acid. 
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1.3.3 Heterogeneous catalysis 

MOF materials provide considerably high porosity, which offers suitable spaces for the 

incorporation of functional groups.186 The chemical flexibility, modified pore structures and large, 

readily accessible internal surface areas of MOFs facilitate possible applications in heterogeneous 

catalysis.187,188 Xamena et al. summarized and nicely explained the main strategies for the 

inclusion of catalytic activity into a MOF scaffold (Figure 1.18).189 

Figure 1.18 Different strategies for the inclusion of catalytic moieties into a MOF scaffold. 

Reproduced with permission from ref. 189. Copyright 2013 American Chemical Society. 

 

This high versatility of MOF design provides clear advantages for catalysis, since it is 

possible to rationally design not only the active site but also its environment with an unprecedented 

degree of precision. The catalytic function can be installed at the organic or at the inorganic 

component and this can be done by direct synthesis or by post-synthetic modification.190 

Additionally, the porous system of the MOF can also serve as the confined space in which a 

catalytic species (e.g., metal or metal oxide nanoparticle, metal coordination complex, etc.)191-195 

can be encapsulated, or it can act as the confined space reactor where a chemical reaction can take 

place. The performances of several MOFs as compared to commercial catalysts are poor due to 

their instability in the reaction medium. The utilization of hydrolytically stable MOFs as 

heterogeneous catalysts can overcome such disadvantages, since they are highly adaptable to 

prevent the structural collapse. Water-stable MOFs have been shown to efficiently catalyze water 

splitting as well as organic reactions in a large numbers of reports.  
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1.3.3.1 Catalysis of water splitting reactions  

 Recently, MOF materials have been used for water splitting application, where water acts 

as a reactant source.190 In order to participate in water splitting, a MOF material should exhibit 

benchmark stability in aqueous medium in a wide pH range. Zhang et al. anchored molybdenum 

polysulfide (MoSx) on Zr‐MOF (UiO‐66‐NH2) for the hydrogen evolution reaction (HER).191 The 

introduction of MoSx nanosheets into the MOF dramatically enhanced the HER activity due to the 

improved electron transport. Matsuoka et al. prepared the Ti‐MOF‐NH2 photocatalyst using 2‐

amino‐benzenedicarboxylic acid (H2BDC‐NH2) as an organic linker for the enhanced 

photocatalytic HER under visible light irradiation.192 Furthermore, a Ru complex‐modified Ti‐

based MOF (Ti‐MOF‐Ru(tpy)2; tpy = 4′-(4-carboxyphenyl)-terpyridine) was synthesized, which 

exhibited high photocatalytic activity for the HER under visible light with a wavelength up to 620 

nm.193 Zhau and co-workers proposed two novel polyoxometalate (POM)-based MOFs, NENU-

500 and NENU-501, as electrocatalysts for HER to generate hydrogen from water under acidic 

conditions.194 

 

1.3.3.2 Catalysis of organic reactions 

 The use of MOFs with coordinatively unsaturated sites (CUS) has been widely explored 

for catalytic applications.195-199 In this case, one of the coordination sites of the metal ion is 

occupied by a weakly coordinated ligand, which can be removed without causing collapse of the 

crystalline structure. The terephthalate based Cr-MIL-101, UiO-66 and related materials are 

relevant examples of this type of water-stable MOFs.200-214 García and co-workers studied the 

influence of functional groups present in terephthalic acid on the catalytic activity of Cr-MIL‐101 

in Lewis acid catalyzed reactions.215 The Cr-MIL‐101 materials were utilized as heterogeneous 

catalysts for epoxide ring opening by methanol, benzaldehyde acetalization by methanol and Prins 

coupling reaction. The observed results clearly showed the catalytic activity increased as the 

electron‐withdrawing ability of the substituents increased. Up to three folds of enhancement of 

reaction rate in the presence of the -NO2 substituent was found for some of these reactions. A 

similar study was carried out with functionalized UiO-66-X (X = -H, -NH2, -CH3, -OCH3, -F, -Cl, 

-Br, -NO2) MOFs for the cyclization of citronellal.208 While all materials were catalytically active, 

the rate was dramatically enhanced by the electron‐withdrawing groups on the linker (-F, -Cl, -Br, 
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-NO2) and UiO‐66‐NO2 was found to be the most active material. The functionalized Cr-MIL-101 

MOFs were studied by Jainak et al. as heterogeneous catalysts for the diacetal formation from 

benzaldehyde and methanol (B-M reaction) as well as other aldehydes and alcohols. In this 

reaction, water is formed in the equilibrium reaction (Figure 1.19).210 The activity decreased in the 

order: Cr-MIL-101-NO2 > Cr-MIL-101 > Cr-MIL-101-NH2. Within different samples of un-

functionalized Cr-MIL-101, the activity increased with increasing the surface area. Cr-MIL-101 

has two terminal water molecules connected with its octahedral Cr(III) ions, which can be removed 

under high vacuum, thus creating Lewis acid sites. Cr-MIL-101 and its derivatives show 

extraordinary stability in water, which make them suitable for catalytic reactions involving water. 

 

 

Fig. 1.19 Schematic representation of Brönsted acidity in functionalized Cr-MIL-101 MOFs for 

heterogeneous catalysis in the condensation reaction of aldehydes with alcohols. Reproduced with 

permission from ref. 210. Copyright 2014 American Chemical Society. 

 

 Water-stable Cr-MIL-101 and Al-MIL-53 MOFs anchored with Brönsted hydrogensulfate 

acid groups were investigated in the esterification of n-butanol with acetic acid.211 The 

hydrogensulphated catalyst namely, S-MIL-53(Al), showed the highest performance among the 

materials tested as acid catalysts in the esterification reaction and can be recycled with slight loss 

of activity. Control experiments confirmed that the activity of S-MIL-53(Al) was much higher 

than the same material treated with only one of the reactants (triflic anhydride or H2SO4). The 

results established that hydrogensulfate acid groups anchored on ordered structures became highly 

stable and consequently displayed high acidity and reactivity. Polyoxometalate (POM)-ionic-

liquid-functionalized MIL-100 was developed by Liu et al. and used in biodiesel production 

through the esterification of oleic acid with ethanol.212 It was found that under the optimal 
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conditions, the conversion of oleic acid could reach 94.6%, demonstrating a great catalytic activity. 

Another Keggin-type polyoxometalate (POM), [CuPW11O39]5–, a catalyst for air-based organic 

oxidation was encapsulated in the pores of MOF-199 (HKUST-1).213 This POM-MOF material, 

resulted a substantial synergistic stabilization of both the MOF and the POM and catalyzed the 

rapid chemo- and shape-selective aerobic oxidation of thiols to disulfides. García et al. also 

reported aerobic oxidation of thiols to disulfides using iron metal–organic frameworks as solid 

redox catalysts.214 

Figure 1.20 The structures of Ce-BDC MOF (a), linear-polyethylenimine (PEI) (b), and the 

reaction of phosphonate-based nerve agents after hydrolysis (O-pinacolyl 

methylphosphonofluoridate, GD and a simulant (dimethyl 4-nitrophenyl phosphonate, DMNP) (c). 

color codes: Carbon (gray), oxygen (red) and cerium (purple). Reproduced with permission from 

ref. 219. Copyright 2017 American Chemical Society. 

 

 In addition, Cr-MIL-101 encapsulated 12-tungstophosphoric heteropolyacid (HPW), 

HPW@MIL-101(Cr) was studied by Zhong et al. as a water-tolerant solid catalyst for 

hydrolysis.215 The catalytic activity and reusability of HPW@MIL-101 were evaluated in the 

liquid-phase hydrolysis of ethyl acetate. The specific activity of HPW@MIL-101 was found to be 

377.2 mmol molacid
−1 min−1, which is the highest observed in solid acid catalysts. The 

detoxification of organophosphate nerve agents using MOFs was examined by Farha et al..216-218 

The fast rate of dimethyl 4-nitrophenyl phosphonate (DMNP) hydrolysis was observed for Ce-

TH-2006_146122002



Chapter 1 
 

34 
 

UiO-66 compared to Zr-UiO-66 in N-ethylmorpholine buffering solution.219 Polyethylenimine 

(PEI), a linear polymer, was used to replace the buffer. The half-life for the degradation of O-

pinacolyl methylphosphonofluoridate (known as GD) using Ce-UiO-66 was observed to be 3 min 

whereas Zr-UiO-66 showed ∼4 min half-life under the same conditions. DMNP was hydrolyzed 

at the P-O bond whereas GD was hydrolyzed at the P-F bond, which led to differences in hydrolysis 

rate between the simulant and agent. 

The catalytic activity of Pd/MIL-101 was evaluated for the Suzuki-Miyaura coupling 

between 4-chloroanisole and phenylboronic acid in water.220 Here, MIL-101 acted as a support for 

the nanoparticles and showed high stability in water and other organic solvents. The Pd/MIL-101 

catalyst gave 82% yield of 4-phenylanisole when the reaction was performed with 

tetrabutylammonium bromide using sodium methoxide as a base in 6 h. The catalytic activity of 

Pd/MIL‐101 for the Ullmann homocoupling reaction of 4‐chloroanisol in the absence of 

phenylboronic acid was also studied. Various aryl chlorides were examined as substrates for the 

Ullmann coupling reaction in air. The conversion was essentially quantitative with 100 % 

selectivity to the corresponding biphenyl compound at 80 °C. Cohen et al. synthesized highly 

crystalline Zr(IV)-based MOF containing open 2,2′-bipyridine (bpy) chelating sites.221 The 

resulting UiO-67-bpydc readily formed complexes with PdCl2 to produce a MOF that exhibited 

efficient and recyclable catalytic activity for the Suzuki-Miyaura cross-coupling reaction. 

MOF-based bifunctional acid-base catalysts were designed for aldol condensation reaction. 

The Hf-based MOF, Hf-MOF-808 was employed as a heterogeneous catalyst for the highly 

selective and efficient cross-aldol condensation of biomass-derived furanic carbonyls with 

acetone.222 Hf-MOF-808 could be also used in the one-pot synthesis of allylic alcohols by the 

sequential aldol condensation reaction to yield the α,β-unsaturated methyl ketone. In addition, 

proline-functionalized Zr-based UiO-67 and UiO-68 type MOF materials were also employed for 

the diastereoselective aldol addition.223 High yields (up to 97%) were achieved using ethanol as a 

solvent. Both MOFs showed reversed diastereoselectivity in aldol addition, preferring syn-aldol 

adduct formation for reaction of cyclohexanone with 4-nitrobenzaldehyde. 
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1.3.3.3 Biomimetic catalysis 

Enzymes are the most sophisticated catalysts with unique features of extraordinary 

substrate affinity, catalytic efficiency and specificity.222-224 The biomimetic MOF catalysts present 

the advantages of extended applicability and enhanced stability and sometimes they display 

catalytic properties that are not possessed by the natural enzymes.225,226 Based on these advantages, 

a large number of biomimetic MOFs were developed in past few years. 

 

 

Figure 1.21 Schematic presentation of the glucose detection by Fe-MIL-88-NH2. Reproduced with 

permission from ref. 229. Copyright 2013 Royal Society of Chemistry. 

 

 Peroxidases are a class of enzymes for degrading H2O2 in human bodies and defending 

against pathogens in plants.227,228 Nanoscale Fe-MIL-88-NH2 MOF reported by Li et al. was used 

to mimic the catalytic properties of peroxidase for the oxidation of 3,3′,5,5′-tetramethylbenzidine 

(TMB) by H2O2 (Figure 1.21).229 Compared to free horseradish peroxidase (HRP), Fe-MIL-88-

NH2 could effectively catalyze this reaction, resulting in a colored product of oxidized TMB, 

which made Fe-MIL-88-NH2 a simple alternative for a colorimetric glucose sensor by coupling 

the oxidation of glucose oxidase. Unfunctionalized Fe-MIL-53 was also employed for glucose 

sensing.230,231 An iron-containing porphyrin complex (Hemin) was encapsulated in Al-MIL-101-

NH2 MOF and the composite system showed a peroxidase-like activity. It was applied for the 

glucose detection.232 Mesoporous Zr-MOF, PCN-22(Fe) containing Fe-TCPP (TCPP = tetrakis(4- 

carboxyphenyl)porphyrin) also exhibited excellent peroxidase-like catalytic activity.233,234 A 

mixed valence state Ce-MOF was reported by Zhao et al., which exhibited an oxidase like activity 

due to the Ce3+/Ce4+ system present in the MOF. The catalyst could spontaneously recycle and 
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interchange between the two oxidation states in a redox reaction.235 The MOF could oxidize TMB 

to blue-colored oxidized TMB in the absence of H2O2. It was applied for the detection of biothiols. 

 Ma et al. successfully encapsulated Microperoxidase-11 (MP-11) into a mesoporous MOF 

called Tb-mesoMOF consisting of nanoscopic cages. The composite (MP-11@Tb-mesoMOF) 

demonstrated superior catalytic activity and recyclability in the oxidation of the chromogenic 

substrate 3,5-di-tert-butyl-catechol (DTBC) to the corresponding o-quinone product.236 In another 

report, the encapsulation of three heme-proteins (horseradish peroxidase, cytochrome c and MP-

11) were achieved by Zhou et al. in PCN-333 MOF. These immobilized enzymes maintained or 

surpassed their catalytic activities over the free enzymes. They exhibited better catalytic 

performance in organic solvents.237 These immobilized enzymes showed almost no leaching 

during catalysis and recycling and maintained high catalytic activity. The immobilization of 

proteins (e.g. horseradish peroxidase, HRP) and DNA into ZIF-8 was achieved by Falcaro et al. 

through a ‘one-pot’ biomimetic mineralization strategy.238 Remarkably, in the presence of trypsin, 

the ZIF-8/HRP biocomposite retained the bioactivity of HRP showing an 88% conversion of 

pyrogallol to purporogallin. Under similar conditions, only 20% conversion was observed for the 

non-protected HRP. The MOF-coated biomolecules maintained enzymatic activity in harsh 

conditions (e.g. boiling water, boiling DMF), which demonstrated the excellent performance of 

MOFs as protective coatings for biomacromolecules. 

 

1.4 Motivation and aims of the thesis work  

The synthesis and design principles of a large number of MOF materials have been known 

in literature before the start of this thesis work. At the same time, research activity based on MOF 

materials has been found to grow enormously due to their various potential applications in a broad 

range of fields. Whereas many MOFs so far have been synthesized with a great potential of 

applicability, the area of MOFs with high chemical stability has remained largely unexplored. The 

development of design principles for stable MOF materials, which can sustain under harsh 

conditions, is a key challenge for the researchers. Long-term stability of MOF materials is a key 

factor for the transformation of research based on MOF material from the academic to industrial 

scale. A few stable MOFs have been commercialized in recent years. Currently, researchers 

throughout the world are trying to develop water-stable MOFs to utilize their great potentials for 
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applications in real life. The synthesis of stable MOFs could be possible with the right choice of 

metal ions and ligands. The use of metal ions with higher oxidation states (e.g. Cr(III), Al(III), 

Hf(IV), Ti(IV), Zr(IV), Ce(IV), etc.) or use of hydrophobic ligands has been demonstrated to be a 

successful approach, which results in MOFs having higher physiochemical stabilities (air, water, 

heat, acid-base, etc.). Other than direct synthetic approach, post-synthetic modification has been 

also established as a suitable strategy for the stabilization of MOFs. The stable MOFs have been 

used for the gas adsorption, water adsorption, sensing of different analytes, cell imaging, drug 

delivery, catalysis, membrane separation etc. Considering the applications of MOF materials in 

fluorescence sensing, only a few MOF systems have been explored for the detection of various 

analytes in pure aqueous medium. Other than fluorescence sensing application, the design of MOF 

based biomimetic catalysts is a very new topic of research. In this thesis, the gas adsorption, 

fluorometric and colorimetric sensing as well as catalytic applications of highly stable MOFs 

bearing metal ions in high oxidation states (Al(III), Zr(IV) and Ce(IV) will be presented. 
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Chapter 2 

 

 

 

The effect of functional groups in the aqueous phase 

selective sensing of Fe(III) ions by thienothiophene-

based zirconium metal-organic frameworks and the 

design of molecular logic gates 

 

This chapter presents the synthesis of four isoreticular thienothiophene-based Zr(IV) MOF 

materials under solvothermal conditions. All the MOFs possess the UiO (UiO = University of 

Oslo) framework topology and contains [Zr6O4(OH)4]12+ building units. The hydrophobicity and 

fluorescence properties of all the MOF compounds have been tuned in a systematic fashion by 

attaching methyl and phenyl groups to the thienothiophene-based ligands. As verified by the 

fluorescence titration experiments, all the MOF materials featured selective, fast, and sensitive 

sensing of Fe3+ ions in water through the fluorescence quenching mechanism. In addition, 

molecular logic gates were designed by employing the MOFs for distinguishing between Fe3+ and 

Fe2+ ions. 

 

Wash

Fluorescent State Quenched State

hv hv
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2.1 Introduction 

The selective recognition and discrimination of biologically active species has been one 

of the devoted areas of scientific research.1 Among the various methodologies, due to simplicity 

and high sensitivity, the fluorescence-based molecular recognition strategy has gained significant 

attention. Recently, metal-organic frameworks (MOFs)2 have been efficiently employed in 

fluorescence sensing applications including chemical separation,3 gas storage,4 heterogeneous 

catalysis,5 polymerization6 and drug delivery.7 Fluorescent MOFs have several advantages over 

the conventional small-molecule-based sensor materials because of their ultrahigh surface areas, 

adjustable porosities, functionalizable pore walls and π-conjugated backbones.8 The ordered 

orientation of fluorescent ligands and metal clusters in MOFs enhances the rate of electron 

transfer throughout the porous framework.9-11 Encouraged by the advantages of MOF-based 

fluorescent sensor materials, significant research efforts have been devoted to date to prepare 

MOFs for the optical/fluorescence sensing of ionic species, small organic molecules, volatile 

organic compounds and energetic materials.12,13 However, targeted design and synthesis of 

MOFs having high selectivity towards the detection of a particular analyte is still a challenging 

task. 

Among the biologically active cations, sensing of Fe3+ is one of the important areas of 

research since it is actively involved in important biological processes like storage and transport 

of oxygen,14 electron transfer as well as the synthesis of DNA and RNA.15 The consumption of 

water with excess levels of iron cause cellular toxicity,16-18 which can damage biomolecules 

(such as lipids and proteins)19 and may be associated with some serious diseases such as 

Alzheimer’s disease.20 Thus far, several fluorescent MOFs have been developed to recognize 

Fe3+ ions.21-23 However, the discrimination between Fe3+ and Fe2+ ions by MOF materials is 

unexplored so far. For the detection of Fe3+ ions, numerous lanthanide-based23–26 MOFs have 

been used owing to their excellent luminescence properties. A few non-lanthanide27,28 MOFs 

have also been employed for serving the same purpose. However, most of the previously 

reported lanthanide MOF-based fluorescent sensors for Fe3+ ions work via cation-exchange with 

framework metal ions.28 The cation-exchange mechanism leads to either the collapse of the 

framework29 or the generation of mixed-metal frameworks.30 As a result, these MOF-based 

fluorescent probes show poor recyclability of their detection performances towards Fe3+ ions. 

Moreover, other cations (e.g. Al3+, Cu2+) have been reported to interfere with the recognition of 
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Fe3+ ions. Therefore, the development of new MOF-based sensor materials for Fe3+ ions that can 

overcome the above-stated problems is still a challenging task. In addition to the fluorescence 

quenching via the cation-exchange mechanism, the interactions of Fe3+ ions with the organic 

ligands and simultaneous electron transfer from the electron-rich frameworks to the electron-

poor Fe3+ ions can also lead to fluorescence quenching.31  

Numerous Zr(IV)-based MOFs have been reported to exhibit high physicochemical 

stabilities.32,33 Therefore, the synthesis of Zr(IV) MOFs containing fluorescent ligands could be a 

better choice than the lanthanide-based MOFs in order to resist the structural collapse of the 

MOFs during the sensing events. Furthermore, the use of highly conjugated ligands might 

facilitate the electron shuttle from the framework to the electron poor species of interest. Owing 

to its highly extended π-electron system, there is an extensive use of the thieno[3,2-b] thiophene 

species for the preparation of high-performance organic polymer semiconductors.34-36 Therefore, 

we hypothesized that the construction of Zr(IV) MOFs incorporating thienothiophene units could 

be very effective for showing fluorescence quenching behaviour towards Fe3+ ions through the 

electron transfer mechanism. In this work, the preparation and thorough characterization of four 

highly stable Zr(IV) MOFs (three new and one previously reported37) containing 

thienothiophene-based ligands are presented. All the MOFs were capable of performing selective 

sensing of Fe3+ ions in pure aqueous medium by the fluorescence quenching mechanism. The 

dynamic nature of the fluorescence quenching processes in these MOF systems has been 

indicated by the fluorescence investigations (both steady-state and time-resolved). The presence 

of the electron transfer mechanism was confirmed by employing the well-known electron 

acceptor methyl viologen (MV2+) dications, which exhibited a reverse trend in the fluorescence 

quenching efficiencies of the MOFs compared to the Fe3+ ions. It has been anticipated that both 

the steric and electronic effects of the functional groups grafted with thienothiophene-based 

ligands govern the fluorescence quenching mechanism. In addition to the selective sensing of 

Fe3+ ions, molecular logic gates were constructed by using the MOFs for discrimination between 

Fe3+ and Fe2+ ions. 
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2.2 Experimental 

2.2.1 Materials and physical measurements 

The preparation of H2TDC, H2DMTDC, H2MPTDC and H2DPTDC ligands was carried 

out by following literature protocols.38 All other reagents were procured from the commercial 

vendors. All the fluorescence titration experiments were conducted by using Milli-Q water as a 

medium. A PerkinElmer Spectrum Two FT-IR spectrometer (FT-IR = Fourier transform 

infrared) was employed to collect the FT-IR spectra in the region of 440-4000 cm−1. For 

characterizing the absorption peaks, the following notations were used: weak (w), medium (m), 

strong (s), very strong (vs), shoulder (sh) and broad (br). A Mettler-Toledo TGA/SDTA 851e 

thermogravimetric instrument was utilized to carry out the thermogravimetric analysis (TGA) in 

the temperature range of 30-700 °C in air at a heating rate of 5 °C min−1. X-Ray powder 

diffraction (XRPD) patterns were obtained at room temperature with a Bruker D2 Phaser X-ray 

diffractometer functioning at 30 kV and 10 mA employing Cu-Kα (λ = 1.5406 Å) radiation. UV-

Vis spectra were recorded with a PerkinElmer Lambda 25 UV-Vis spectrometer. A Hitachi 

S3400N SEM-EDX (SEM-EDX = scanning electron microscope-energy dispersive X-ray) 

equipment was used to carry out the EDX measurements. Nitrogen adsorption experiments were 

performed by utilizing a Quantachrome Autosorb iQ-MP volumetric gas adsorption equipment at 

−196 °C. The degassing of the samples was accomplished at 120 °C under high vacuum for 12 h 

before the adsorption measurements. The water adsorption measurements were carried out by a 

volumetric method with a Quantachrome Autosorb iQ MP instrument at 20 °C. Contact angle 

experiments were performed by employing a KRUSS Drop Shape Analyzer-DSA25 instrument 

with an automatic liquid dispenser at ambient temperature. A JASCO V-650 UV-Vis 

spectrophotometer equipped with a 150 mm integrating sphere was used to record the UV-Vis 

spectra in the solid state. BaSO4 was employed as an internal standard. Fluorescence 

investigations were performed with a HORIBA JOBIN YVON Fluoromax-4 spectrofluorometer. 

An Edinburgh Instrument Life-Spec II instrument was employed for measuring the fluorescence 

lifetimes by using the time-correlated single-photon counting (TCSPC) procedure. The FAST 

software supplied by Edinburgh Instruments was utilized to analyse the fluorescence decays by 

the reconvolution technique. The synthesis and activation of 2 were performed by following the 
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literature procedure.37 Regular characterization techniques (N2 sorption analysis, IR 

spectroscopy, XRPD as well as TG analysis) were employed for validating the phase-purity. 

 

2.2.2 Synthesis of [Zr6O4(OH)4(C8H2O4S2)6]·DMF·18H2O (1) 

A sealed glass tube containing a mixture of ZrCl4 (50 mg, 0.215 mmol), H2TDC (49 mg, 

0.215 mmol) ligand and benzoic acid (786 mg, 6.45 mmol) in DMF (3 mL) was heated at 150 °C 

for 24 h by employing a dry block heater. After cooling the tube down to ambient temperature 

spontaneously, the white precipitate was filtered off and washed several times with acetone. 

Afterwards, the precipitate was dried in air. Yield: 55 mg (0.02 mmol, 63%) related to the Zr 

salt. Anal. calcd. For C51H59 NO51S12Zr6: C, 25.24 H, 2.45 N, 0.57. Found: C, 24.32 H, 2.88 and 

N, 0.70%. FT-IR (KBr, cm−1): 3410 (br), 2924 (w), 1507 (m), 1457 (m), 1366 (vs), 1172 (m), 

1084 (m), 1021 (m), 884 (m), 771 (m), 721 (s), 658 (m) and 603 (m). 

2.2.3 Synthesis of [Zr6O4(OH)4(C15H8O4S2)6]·4DMF·21H2O (3) 

The synthesis procedure for this compound (white powder) was similar to that presented 

for 1, except that the H2MPTDC ligand (68 mg, 0.215 mmol) was used instead of the H2TDC 

ligand. Yield: 60 mg (0.018 mmol, 53%) related to the Zr salt. Anal. calcd. for C102H122 

N4O57S12Zr6: C, 37.80 H, 3.79 and N, 1.72. Found: C, 38.0 H, 3.68 N, 1.67%. FT-IR (KBr, 

cm−1): 3422 (br), 3053 (w), 2924 (w), 1573 (m), 1512 (m), 1472(m), 1390 (vs), 1192 (m), 1125 

(w), 1027 (m), 775 (m), 720 (m), 666 (s) and 615 (m). 

2.2.4 Synthesis of [Zr6O4(OH)4(C20H10O4S2)6]·2.5DMF·11H2O (4) 

The synthesis procedure for this compound (white powder) was similar to that presented 

for 1, except that the H2DPTDC ligand (82 mg, 0.215 mmol) was used instead of the H2TDC 

ligand and the amount of benzoic acid employed was 262 mg (2.15 mmol) instead of 786 mg 

(6.45 mmol). Yield: 50 mg (0.015 mmol, 42%) related to the Zr salt. Anal. calcd. For 

C127.5H91.5N2.5O45.5S12Zr6: C, 46.08 H, 3.14 and N, 1.05. Found: C, 46.8 H, 2.95 N, 1.2%. FT-IR 

(KBr, cm−1): 3411 (br), 3056(m), 2928 (w), 2858 (w), 1604 (m), 1554 (m), 1515 (s), 1476(m), 

1394 (vs), 1222 (m), 1114 (w), 876 (m), 787 (m), 752 (m), 713 (s), 697 (m) and 631 (m). 
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2.2.5 Activation procedures for the as-synthesized materials 

The activation of the as-synthesized forms of all the compounds was carried out in two 

stages. The stirring of the as-synthesized compounds (0.2 g each) in methanol (30 mL) at room 

temperature was conducted in the first step. The subsequent step involved collection of the white 

compounds by filtration and heating them at 100 °C for 24 h under high vacuum. The activated 

forms of 1, 2, 3 and 4 are denoted as 1′, 2′, 3′ and 4′, respectively. 

2.2.6  Fluorescence titration experiments 

For performing the fluorescence titration experiments, the samples (3 mg each) of 1′, 2′, 

3′ and 4′ were suspended in water (3 mL) and the mixture was homogenized by ultrasonic 

treatment for 30 min. Subsequently, 300 μL of each of the suspension was diluted with 2700 μL 

of water (final concentration = 99 μg mL−1) in a quartz cuvette and 10 mM solutions of different 

analytes were added in an incremental manner. The calculation of the quenching efficiency (Q) 

involved the formula: Q = (1 − I/I0) × 100%, where I0 and I are the fluorescence intensity of the 

aqueous dispersions of the compounds before and after the addition of the analyte. For the 

Fenton-type reaction, 20 μL of H2O2 was added to the aqueous suspension of each compound, 

accompanied by the addition of Fe2+ solution. In the case of the radical scavenging experiment, 

fluorescence titration measurement was carried out in the presence of 300 μL of isopropyl 

alcohol (IPA). 

2.3 Results and discussion 

2.3.1 Preparation and activation procedures 

Zr(IV)-based MOFs were prepared by using the following ligands: 3,4-

dimethylthieno[2,3-b]thiophene-2,5-dicarboxylic acid (H2DMTDC), thieno[2,3-b]thiophene-2,5-

dicarboxylic acid (H2TDC), 3,4-diphenylthieno[2,3-b]thiophene-2,5-dicarboxylic acid 

(H2DPTDC) and 3-methyl-4-phenylthieno[2,3-b]thiophene- 2,5-dicarboxylic acid (H2MPTDC). 

The respective MOF materials were denoted as 1, 2, 3 and 4. The syntheses of all the four MOF 

compounds involved solvothermal reactions (150 °C, 24 h) in N,N-dimethylformamide (DMF) 

using benzoic acid as a modulator. The ZrCl4 to benzoic acid molar ratio was maintained at 1 : 

30 for synthesizing 1 and 3. Compound 4 was prepared by employing a ZrCl4 to benzoic acid 

molar ratio of 1 : 10. The preparation of 2 was performed by following our formerly reported 
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procedure.37 The as-synthesized materials contain guest molecules inside their voids, which were 

first exchanged with methanol. Subsequently, the methanolexchanged forms of the compounds 

were subjected to thermal treatment under dynamic vacuum. The thermally activated compounds 

obtained in this way are termed 1′, 2′, 3′ and 4′. 

2.3.2 FT-IR analysis 

The activated and as-synthesized forms of 1, 3 and 4 (Figure 2.1-2.3) display absorption 

bands with high intensity in the regions of 1560-1600 and 1370-1390 cm−1 in their IR spectra. 

The asymmetric and symmetric stretching vibrations of the coordinated carboxylate groups 

attached to the ligands give rise to these absorption peaks, respectively.39-41 The IR spectra of the 

as-synthesized materials feature absorption peaks at ca. 1655 cm−1 with moderate intensity. 

These absorption peaks are observed due to the stretching vibration of the carbonyl groups of the 

guest DMF molecules.42 The IR spectra of all the activated compounds lack peaks due to the 

DMF molecules. These results confirm that the materials have been completely activated. 

Figure 2.1 FT-IR spectra of as-synthesized and activated 1. 
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Figure 2.2 FT-IR spectra of as-synthesized and activated 3. 

 

Figure 2.3 FT-IR spectra of as-synthesized and activated 4. 
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Figure 2.4 Simulated and experimental XRPD patterns of 1′, 3′ and 4′. 

 

2.3.3 Structure description 

A comparison between the simulated XRPD pattern of the formerly reported, 

isostructural 2 and the experimental XRPD patterns of the as-synthesized 1, 3 and 4 reveals that 

they match quite closely with each other (Figure 2.4).37,43 The indexing of the XRPD patterns of 

the as-synthesized materials suggests that each of them bears a cubic structure. The resulting 

lattice parameters are summarized in Table 2.1. 

 

Table 2.1 Lattice parameters of as-synthesized 1, 3 and 4 having cubic unit cells. The values are 

compared with those of the formerly reported, isostructural, dimethyl-functionalized Zr(IV)-

based compound 

Compound a (Å) V (Å3) 

1 23.0145(3) 12,190.0(7) 

3 23.1153(3) 12,350.9(5) 

4 22.9783(7) 12,132.6(12) 

[Zr6O4(OH)4(DMTDC)6] 37 23.0917(6)  12,313.1(3) 

Zr-DMTDC43 23.12 12,358.43 

 

 The unit cell parameters of 1, 3 and 4 are similar to those of the recently reported Zr-

DMTDC material as well as 2.37,43 These similarities indicate that 1, 3 and 4 possess the UiO-66 
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(UiO = University of Oslo) framework topology as 2. The framework structure of Zr(IV),47 

Hf(IV)48 and Ce(IV)49-based pristine UiO-66 materials has been described formerly by several 

research groups. Similar to the parent UiO-66 compound, the cubic network structure of the 

presented materials contains [Zr6O4(OH)4]12+ building units (Figure 2.5). The μ3-O and μ3-OH 

groups occupy the triangular faces of the Zr6 octahedron. Every Zr atom is coordinated with 

eight O atoms, forming a square antiprismatic coordination environment. The O atoms from the 

carboxylate, μ3-OH and μ3-O functionalities occupy the square faces of the square-antiprism. 

The 3D, cubic framework is constructed by the interconnection of the [Zr6O4(OH)4]12+ units with 

the -CO2 groups of twelve ligands. Larger octahedral as well as smaller tetrahedral cages exist in 

the framework structures. In the neighborhood of every octahedral cage, eight tetrahedral cages 

are present. Narrow triangular windows connect the two types of cages. The inner side of the 

cages is decorated by the methyl or phenyl groups attached to the coordinated TDC ligands. It is 

worth mentioning that compound 4 has less crystallinity (Figure 2.4) compared to the other 

MOFs. It has been documented that the use of bulky ligands for the MOF synthesis usually leads 

to an amorphous phase of the MOF material.44,45 The presence of bulky ligands restricts the 

connectivity between the building blocks and decreases the long-range order. The formation of a 

large number of basic building units results in ‘humps’ in the XRPD pattern.46 In the case of 4, 

the presence of two bulky phenyl substituents is responsible for the absence of long-range order 

in the crystal structure, which results in an less crystalline feature in the XRPD pattern. 
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Figure 2.5 (a) Cubic 3D framework structure of 1 with Zr6 node. (b) Node connectivity for the 

framework structure of 1. Views of the (c) octahedral and (d) tetrahedral cages. Color codes: Zr, 

blue polyhedra; C, grey; O, red; S, yellow). 

 

Figure 2.6 TG curves of 1 and 1′ recorded in an air atmosphere in the temperature range of 25-

700 °C with a heating rate of 5 °C min−1. 
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Figure 2.7 TG curves of 3 and 3′ recorded in an air atmosphere in the temperature range of 25-

700 °C with a heating rate of 5 °C min−1. 

 

 

Figure 2.8 TG curves of 4 and 4′ recorded in an air atmosphere in the temperature range of 25-

700 °C with a heating rate of 5 °C min−1. 
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2.3.4 Thermal and chemical stability 

Thermogravimetric analyses (TG) were performed for examining the thermal stability of 

the as-synthesized and thermally activated 1, 3 and 4 (Figure 2.6-2.8). The TG analyses indicate 

that 1, 3 and 4 are thermally stable up to 350, 230 and 300 °C, respectively. We have 

summarized the results of the TG analyses in Table 2.2. 

 

Table 2.2 Weight loss steps in the TG curves of as-synthesized 1, 3 and 4, and their assignments. 

Compound  First Weight 

Loss (%): 

Obs. / Cal. 

No. of H2O 

Molecules 

Removed in 

First Weight 

Loss Step 

Second Weight 

Loss (%): 

Obs. / Cal. 

No. of DMF 

Molecules 

Removed in 

Second Weight 

Loss Step 

as-synthesized 1 13.1 / 13.3 18 3.1 / 2.9 1 

as-synthesized 3 11.7 / 11.6 21 8.9 / 9.0 4 

as-synthesized 4 6 / 5.9 11 5.5/ 5.4 2.5 

 

The initial weight loss step (temperature range: 25-130 °C) in the TG traces of the as-

synthesized compounds is observed due to the removal of occluded water molecules. In the 

temperature range of 130-200 °C, the second weight loss step occurs because of the removal of 

guest DMF molecules. The initial weight loss step (temperature range: 25-130 °C) in the TG 

traces of activated compounds is noticed owing to the partial hygroscopic characteristics of the 

materials which results in hydration upon contact with moisture during storage. 

To investigate the chemical stability of 1′, 3′ and 4′, we stirred the samples in different 

liquids like acetic acid, water, 1 M HCl and NaOH (pH = 11) under ambient conditions for 6 h. 

Then, XRPD measurements were accomplished with the filtered materials to check their 

crystallinity. The XRPD patterns (Figure 2.9-2.11) unambiguously substantiate the retention of 

the crystallinity of all of the activated compounds after treatment with these liquids. To check the 

stability of the framework structures of the compounds in the above-mentioned liquids, we have 

also recorded the UV-Vis spectra of the supernatants. The absorption bands corresponding to the 

free ligands were observed in the UV-Vis spectra (Figure 2.12-2.14) of all the supernatants. 

These results suggest the partial framework collapse of the MOF materials. The extent of 
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framework collapse is higher in acetic acid and NaOH solution (pH = 11) compared to that in 1 

M HCl and pure aqueous solution. 

 

 

Figure 2.9 XRPD patterns of 1′ in different forms: as-synthesized, activated, treated with water, 

treated with 1M HCl and treated at pH 11. 

 

 

Figure 2.10 XRPD patterns of 3′ in different forms: as-synthesized, activated, treated with 

water, treated with 1M HCl and treated at pH 11. 
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Figure 2.11 XRPD patterns of 4′ in different forms: as-synthesized, activated, treated with 

water, treated with 1M HCl and treated at pH 11. 

 

 

Figure 2.12 UV-Vis spectra different supernatant solution after treatment of 1′. 
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Figure 2.13 UV-Vis spectra different supernatant solution after treatment of 3′. 

 

 

Figure 2.14 UV-Vis spectra different supernatant solution after treatment of 4′. 

 

2.3.5 Gas sorption properties 

For proving the permanent porosity, N2 sorption experiments were conducted with all the 

activated compounds. From the type-I shaped N2 adsorption isotherms (Figure 2.15), the values 

of the BET surface areas of the compounds were determined. The estimated BET surface areas 

TH-2006_146122002



Chapter 2 
 

64 
 

of 1′, 3′ and 4′ correspond to 1299, 978 and 446 m2 g−1, respectively. The micropore volumes of 

1′, 3′ and 4′, which were calculated at p/p0 = 0.5, correspond to 0.66, 0.50 and 0.24 cm3 g−1, 

respectively. Therefore, the activated materials showed a regular decrease in the values of the 

surface area and micropore volume with the increase in the bulkiness of the functional groups 

(methyl and phenyl) attached to the TDC ligand. 

 

 

Figure 2.15 Nitrogen adsorption (filled symbols) and desorption (empty symbols) isotherms of 

1′, 3′ and 4′ collected at –196 °C. 

 

2.3.6 Photophysical behavior 

The combination of electronically inert Zr(IV) ions (having the d10 configuration) with 

fluorescent organic ligands has been formerly employed in the literature for the preparation of 

MOF compounds exhibiting strong luminescence properties.50,51 Furthermore, the S atoms of the 

MOF materials incorporating thiophene moieties have been previously shown to act as Lewis 

basic sites for the recognition of small organic molecules (such as acetone, nitrobenzene and p-

nitroaniline),52-54 metal ions (Cu2+ and Fe3+)52 and Hg0 vapour.43 These observations have 

inspired us to explore the photoluminescence behavior of the presented Zr(IV)-based MOF 

compounds containing thienothiophene-based ligands. 
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The diffuse reflectance (DR) UV-Vis spectra of the free ligands as well as the MOF 

compounds were recorded under ambient conditions. Remarkably, the absorption spectra of the 

MOF materials are very similar to their corresponding free ligands (Figure 2.16). The free 

ligands and the MOF compounds displayed broad absorption bands centred at around 330 nm. 

These peaks arise owing to the π-π* transition of the ligands.55-57 These similarities in the 

absorption spectra point out that the coordinated ligands are solely responsible for the absorption 

of light in these MOF materials. The optical bandgaps were evaluated for the free ligands and the 

MOF materials by using the Tauc equation:58,59 

 (αhʋ)2 = A (hʋ - Eg) 
 

Here, h stands for the Planck’s constant, A is a constant, Eg is the bandgap energy of 

allowed transitions and ʋ denotes the frequency of light. The optical bandgaps of 1′, 2′, 3′ and 4′ 

were found to be 3.41, 3.45, 3.44 and 3.43 eV, respectively (Figure 2.17). These values are 

comparable to those of the previously reported UiO-66 materials.60,61 The estimated optical 

bandgaps of H2TDC, H2DMTDC, H2MPTDC and H2DPTDC ligands are 3.33, 3.36, 3.28 and 

3.34 eV, respectively. Therefore, the optical bandgaps of the free ligands increased upon 

coordination with the Zr4+ ions. 

The fluorescence characteristics of the free ligands and the MOF compounds were also 

studied. The free ligands and the corresponding MOF compounds exhibited broad emission 

bands centered at around 400 nm in their solid-state fluorescence emission spectra (Figure 2.18). 

These emission bands appear because of the π-π* transition of the framework ligands.62 The 

similarities in the emission spectra of the free ligands and the corresponding MOF materials 

suggest that the luminescence of the MOF compounds arises from the ligand centred π-π* 

transition. The coordination of the DPTDC ligand with the Zr4+ ions is expected to perturb the π-

π* transition, causing a blue shift (Δλ = 7 nm) in the emission band of 4′ compared to the free 

H2DPTDC ligand.51 
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Figure 2.16 Diffuse reflectance UV-visible absorption spectra of (a) TDC ligand and 1′, (b) 

H2DMTDC ligand and 2′, (c) H2MPTDC ligand and 3′, (d) H2DPTDC ligand and 4′. 

Figure 2.17 Tauc plot for (a) TDC ligand and 1′, (b) H2DMTDC ligand and 2′, (c) H2MPTDC 

ligand and 3′, (d) H2DPTDC ligand and 4′. 

(a) (b)

(c) (d)

(a) (b)

(c) (d)
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Figure 2.18 Room temperature solid-state fluorescence emission spectra of (a) TDC ligand and 

1′, (b) H2DMTDC ligand and 2′, (c) H2MPTDC ligand and 3′, (d) H2DPTDC ligand and 4′ (λex = 

260 nm).  

 

 

Figure 2.19 Ligand-based fluorescence response of the aqueous suspensions of 1′, 2′, 3′ and 4′ 

at ambient conditions.  

(a) (b)

(c) (d)
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The electronic properties of MOFs can be modulated by changing the substituents in the 

linker molecules.63 These electronic properties directly influence the other optical properties of 

MOFs.64,65 Since all the MOF materials are stable in aqueous medium, their fluorescence 

properties were explored in pure aqueous medium to check the effect of substitution on their 

fluorescence behaviour. It can be seen from Figure 2.19 that the fluorescence intensity of the 

compounds (on going from 1′ to 3′) increases with the increment of electron density in the 

frameworks. However, the presence of two phenyl groups makes 4′ more hydrophobic compared 

to other materials. As a result, the aqueous suspension of 4′ shows a slight decrease in the 

fluorescence intensity compared to that of 3′. These results suggest that not only the electronic 

nature of the functional groups but also their hydrophobicity play a crucial role in governing the 

fluorescence properties of MOF materials. 

 

2.3.7 Hydrophobic properties 

The attachment of water-repellent methyl and phenyl groups to the organic ligands is 

expected to impart various extents of hydrophobicity in the resulting MOFs. The degree of 

hydrophobicity of the ligands increases in the order: H2TDC < H2DMTDC < H2MPTDC < 

H2DPTDC. For examining the hydrophobicity of the MOF materials, initially water contact 

angle measurements were performed. With the increase in the degree of hydrophobicity of the 

ligands, a regular increment in water contact angle (Table 2.3) was observed, as expected. The 

MOF material incorporating the un-functionalized ligand (1′) showed the lowest contact angle 

(∼136°). On the other hand, the diphenyl-functionalized material (4′) exhibited the highest 

contact angle (∼157°). These results confirm that the attachment of methyl and phenyl groups to 

the organic ligands introduces different extents of hydrophobicity in the MOF compounds.  

 

Table 2.3 Contact angles and water uptake capacities of the MOF compounds. 

MOF Contact 
Angle 

Water Loading (g/g) 
at p/p0 = 0.5 at p/p0 = 0.9 

1' 136° 0.30 0.39 
2' 148° 0.21 0.35 
3' 155° 0.06 0.31 
4' 157° 0.04 0.16 
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The hydrophobic nature of the MOF materials was further confirmed by water sorption 

experiments. The water uptake capacities of the compounds at p/p0 = 0.9 are comparable to the 

maximum water uptake capacities of several well-known MOFs such as MIL-100(Al) (0.5 g 

g−1), MIL 100(Fe) (0.65-0.75 g g−1),66,67 Al-fumarate (0.45 g g−1),68 CAU-10-H (0.33-0.34 g 

g−1),69,70 MIL-101(Cr) (1.0-1.5 g g−1),71,72 pp-MIL-101(Cr) @HIPE (0.29 g g−1; composite with 

59 wt% MOF),73 MIL-100 (Cr) (0.6-0.7 g g−1),74 and MIL-100(Fe,Cr)@xerogel (0.33 g g−1, 

composite with 50 wt% MOF; 0.28 g g−1, composite with 51 wt% MOF),75 and covalent triazine-

based frameworks such as Ad2L1 (0.15 g g−1) to Ad4L3 (0.68 g g−1).76 The water sorption 

isotherms of the presented MOF compounds (Figure 2.20) indicate a water uptake above the 

threshold of 0.3 g g−1, however only at higher relative pressures (above a p/p0 of 0.5). Other 

known MOFs, which are already considered hydrophobic like MIL-101(Cr)71,75,77-79 or 

fluorinated MIL-53(Al) and MIL-47,80 exhibit the major water uptake in the p/p0 range of 0.4-

0.5.76 Water sorption results indicate that the MOF materials are hydrophobic in nature. The 

hydrophobicity of the MOF compounds is in agreement with that obtained from the water 

contact angle measurements. Thus, 4′ is the most hydrophobic MOF in the series. 

 

Figure 2.20 Water sorption isotherm of 1′ (a), 2′ (b) 3′ (c) and 4′ (d) at 20 °C. Inset shows 

corresponding advancing water contact angle. 

(a) (b)

(c) (d)
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2.3.8 Metal ion sensing behavior 

The strong photoluminescence features of the compounds in the solid-state as well as in 

aqueous medium have encouraged us to investigate their application potential as luminescent 

probes for the selective, rapid and sensitive sensing of metal ions. In order to serve this purpose, 

fluorescence titration measurements were performed. 10 mM aqueous solutions of the nitrate 

salts of various cations (Na+, K+, Cd2+, Co2+, Cu2+, Hg2+, Mn2+, Ni2+, Fe2+, Pb2+, Zn2+, Al3+, Cr3+ 

and Fe3+) were gradually added to the well-dispersed aqueous suspensions of all the materials 

and the fluorescence emission intensities of the compounds were monitored upon excitation at 

330 nm at room temperature. Among the 14 metal ions examined, only Fe3+ displayed rapid 

quenching of the fluorescence intensities of all the compounds (Figure 2.21). For the remaining 

metal ions, the changes in their fluorescence intensities were almost negligible. The highest 

quenching efficiency was observed for 4′. The quenching efficiencies of the materials towards 

Fe3+ ions decreased in the order: 4′ (98%) > 3′ (96%) > 2′ (91%) > 1′ (86%). This trend in the 

quenching efficiency of the compounds can be correlated with the electron density available in 

their frameworks. Thus, the quenching efficiencies of the materials for Fe3+ ions decreased with 

the decrease in the electron density in the framework compounds.  

In order to check the selectivity of all the MOF materials towards Fe3+ ions in the 

presence of other potentially competing metal ions, competitive fluorescence titration 

experiments were performed. In these competitive titration measurements, fluorescence emission 

spectra were recorded upon the incremental addition of Fe3+ solution to the stable aqueous 

suspensions of the MOF compounds containing the potentially intrusive metal ions. The changes 

in the luminescence intensity of 1′, 2′, 3′ and 4′ upon the addition of Fe3+ solution in the absence 

and presence of other competing metal ions are presented in Figure 2.22. The results of these 

competitive fluorescence quenching experiments demonstrate that the thienothiophene-based 

MOF materials are highly selective towards Fe3+ ions, even in the presence of other potentially 

interfering metal ions. 
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Figure 2.21 Quenching of fluorescence intensity with gradual addition of Fe3+ solution to a 3 mL 

aqueous suspension of 1′ (a), 2′ (b), 3′ (c) and 4′ (d). 

 

 

Figure 2.22 Change in the fluorescence intensity of  1′ (a), 2′ (b), 3′ (c) and  4′ (d) upon addition 

of 500 μL of Fe3+ solution in the absence and presence of  blank (1), Na+ (2), K+ (3), Cd2+ (4), 

Co2+ (5), Cu2+ (6), Hg2+ (7), Mn2+ (8), Ni2+ (9), Fe2+ (10), Pb2+ (11), Zn2+ (12), Al3+ (13) and Cr3+ 

(14) ion. 

(c)

(a) (b)

(d)

(a) (b)

(c) (d)
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Stern-Volmer (S-V) quenching constants were calculated by using the following 

equation: 

(I0/I) = Ksv [A] + 1 
 

where I0 and I represent the fluorescence intensity of the MOF compound before and after the 

addition of the analyte, respectively; Ksv denotes the quenching constant (expressed in M−1) and 

[A] symbolizes the molar concentration of the analyte. The Ksv values for 1′, 2′, 3′ and 4′ were 

estimated to be 4.41 × 103, 8.81 × 103, 10.79 × 103 and 9.10 × 103 M−1, respectively, after 

excluding the dilution effect. For the estimation of the limit of detection (LOD) of the 

thienothiophene-based MOF materials towards the sensing of Fe3+ ions, we gradually added very 

low concentrations of Fe3+ solution to the suspension of the compounds in water and then 

monitored their fluorescence intensities. The LOD values were determined by employing the 

following equation: LOD = 3σ/K.81 Here, K stands for the slope of the curves and σ represents 

the standard deviation of the preliminary fluorescence intensity of MOF materials in the absence 

of Fe3+ solution. The calculated LOD values of 1′, 2′, 3′ and 4′ for the sensing of Fe3+ ions are 

1.26 × 10−6, 8.57 × 10−7, 9.33 × 10−7 and 3.4 × 10−7 M, respectively.  

The reusability of the fluorescence sensing performances of the MOF probes towards 

Fe3+ ions was examined up to five cycles. For checking their recyclability, the MOF compounds 

were filtered off after each fluorescence titration experiment. The filtered materials were washed 

with water repeatedly and then dried in an oven. All the probes showed outstanding recovery of 

their initial fluorescence intensities, even after five consecutive cycles of fluorescence sensing 

experiments (Figure 2.23)All the probes showed outstanding recovery of their initial 

fluorescence intensities, even after five consecutive cycles of fluorescence sensing experiments. 

As verified by the XRPD experiments (Figure 2.24), all the MOF materials retained most of their 

initial crystallinity (thus structural robustness) after five successive cycles of fluorescence 

titration experiments. Additionally, we checked the effect of pH on the quenching. Fe3+ sensing 

experiments were carried out with solutions having pH values of 2 and 10. The quenching results 

suggest that a large change in the pH of the sensing medium hardly affects the quenching 

percentages (Figure 2.25). These results verify the reusability and high photostability of the 

MOF probes, which endow them with great potential for the long-term practical sensing of Fe3+ 

ions. 
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Figure 2.23 Reproducibility of the quenching efficiency of the aqueous suspension of 1′ (a), 2′ 

(b), 3′ (c) and 4′ (d)  in aqueous solution towards 10 mM Fe3+ solution. 

 

 

Figure 2.24 XRPD patterns of 1′ (a), 2′ (b), 3′ (c) and 4′ (d) before and after the Fe3+ sensing 

experiment. 

(a)

(c)

(b)

(d)

(a) (b)

(c) (d)
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Figure 2.25. Effect of pH on fluorescence quenching for different MOFs. 

 

2.3.9 Mechanisms for the detection of Fe3+ ions 

Three mechanisms have been proposed in the literature for the sensing of Fe3+ ions 

employing MOF materials. They include: (1) collapse of the framework structure,29 (2) exchange 

of the framework metal ions by externally added Fe3+ ions,28 and (3) interactions of the Fe3+ ions 

with the coordinated organic ligand.24 The XRPD patterns (Figure 2.24) of the MOF materials 

treated with Fe3+ ions were very similar to those of the untreated compounds. The retention of 

the structural integrity of the MOF compounds after the treatment with Fe3+ ions excludes the 

possibility of the first sensing mechanism. In order to check the possibility of the ion-exchange 

mechanism, energy-dispersive X-ray (EDX) experiments were accomplished with the MOF 

materials recovered after the fluorescence sensing experiments. The EDX spectra (Figure 2.26) 

reveal that either no Fe3+ ions or almost negligible amounts (∼0.2 wt%) of Fe3+ ions are present 

in the MOF materials. The insignificant amounts of Fe3+ ions might correspond to the Fe3+ ions 

adsorbed in the pores during the fluorescence titration measurements. Therefore, the possibility 

of the second sensing mechanism can also be ruled out. The third sensing mechanism involving 

the electronic interactions between the Fe3+ ions and framework ligands might be operative in the 

presented MOF systems. The half-filled 3d (3d5 4s0) orbital of Fe3+ ions possesses a high charge 

density, and thus strong electron-withdrawing character compared to other metal ions.82 The 

quenching of the fluorophore moiety by Fe3+ ions via the electron transfer mechanism has been 

well-documented for other nanomaterials including MOFs.83-85 Therefore, we can presume that 

the electron transfer process from the electron-rich thienothiophene-based ligands to the Fe3+ 

ions might be responsible for the observed fluorescence quenching. The slightly red-shifted 
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fluorescence spectra upon Fe3+ addition also support the electron transfer mechansim.86 For 

validating the existence of the electron transfer process, the aqueous suspensions of all the MOF 

materials were treated with the very well-known electron acceptor methyl viologen (MV2+) 

dications. The fluorescence quenching profiles of the MOF compounds treated with the MV2+ 

dications are very similar to those treated with the Fe3+ ions (Figure 2.27). Since the viologen 

compounds are very good electron acceptors, 87 the fluorescence quenching can be proposed to 

occur through the electron transfer process from the electron-rich frameworks to the electron-

deficient MV2+ dications. The similarity between the florescence quenching profiles obtained 

with MV2+ and Fe3+ ions points out that the electron transfer process from the electron-rich 

frameworks to the electron deficient Fe3+ ions can also be attributed to the luminescence 

quenching. The fluorescence quenching efficiencies of the MV2+ ions follow the order: 1′ (76%) 

> 2′ (71%) > 3′ (60%) > 4′ (43%). The reverse (i.e., 4′ (98%) > 3′ (96%) > 2′ (91%) > 1′ (86%)) 

of this trend is found for the quenching with the Fe3+ ions. For MV2+ dications (which are 

relatively larger than Fe3+ ions), the increase in steric hindrance and hydrophobicity inside the 

frameworks owing to the attached functional groups restricts their rates of diffusion through the 

porous channels, resulting in less interactions with the frameworks, and hence a decrease in the 

quenching efficiencies. On the other hand, the Fe3+ ions are small enough to diffuse rapidly 

through the porous channels of the MOF compounds, leading to greater interactions with the 

electron-rich frameworks. As a result, the quenching efficiencies of the Fe3+ ions increase with 

the increasing electron density in the framework materials. Therefore, both steric and electronic 

factors might be hypothesized to play major roles during the quenching of the fluorescence in 

these MOF systems. For realizing the excited-state interactions between the MOF materials and 

analyte (Fe3+ or MV2+ ions), time-resolved fluorescence decay experiments were conducted. 

Upon the addition of Fe3+ or MV2+ ions, the aqueous suspensions of all the MOF compounds 

exhibit tri-exponential fluorescence decays with the decrease in the average excited-state lifetime 

values (Tables 2.4-2.7). The decrease in the lifetime values of the MOF compounds in the 

presence of Fe3+ or MV2+ ions indicates that the fluorescence quenching mechanisms in these 

systems are dynamic in nature. 
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Figure 2.26 EDX spectrum of 1′ (a), 2′  (b), 3′ (c) and 4′ (d) recovered after the Fe3+ sensing 

experiment. 

 

 

Figure 2.27 Change in the fluorescence intensity of 1′ (a), 2′ (b), 3′ (c) and 4′ (d) in presence of 

MVI2. 

 

(a) (b)

(c) (d)

(a) (b)

(c) (d)
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Table 2.4. Excited-state lifetime analysis of 1′ in presence of Fe3+ aqueous solution (λex = 290 

nm, λem = 400 nm). 

Volume of 

analyte 

added  

τ (ns) a Average 

lifetime (ns) 

<τ>*  

χ2 

τ1 (ns) 

 

τ2 (ns) 

 

τ3 (ns) a1 a2 a3 

0 16.56 

 

1.72 

 

0.13 

 

0.35 

 

0.09 0.55 6.02 1.03 

400 µL  

(Fe3+) 

13.06 

 

2.16 

 

0.059 

 

0.21 0.12 

 

0.67  3.03 1.09 

400 µL  

(MVI2) 

10.21 

 

1.79 

 

0.010 

 

0.16 

 

0.11 0.73  1.83 1.05 

 

Table 2.5 Excited-state lifetime analysis of 2′ in presence of Fe3+ aqueous solution (λex = 290 

nm, λem = 400 nm). 

Volume of 

analyte 

added 

τ (ns) a Average 

lifetime 

(ns) 

<τ>*  

χ2 

τ1 (ns) 

 

τ2 (ns) 

 

τ3 (ns) a1 a2 a3 

0 15.44 

 

4.73 

 

0.69 

 

0.50 0.17 0.33 

 

8.77 1.11 

400 µL   

(Fe3+) 

9.92 

 

0.93 

 

0.06 

 

0.30 0.12 

 

0.58 3.17 1.04 

400 µL   

(MVI2) 

10.31 

 

1.87 

 

0.14 

 

0.16 0.11 

 

0.73 1.94 1.01 

 

Table 2.6 Excited-state lifetime analysis of 3′ in presence of different analyte in aqueous 

solution (λex = 290 nm, λem = 400 nm). 

Volume of 

analyte 

added (400 

µL) 

τ (ns) a Average 

lifetime 

(ns) 

<τ>*  

χ2 

τ1 (ns) 

 

τ2 (ns) 

 

τ3 (ns) a1 a2 a3 

0 15.95 1.79 0.12 

 

0.37 0.07 

 

0.56 6.10 1.08 

400 µL   

(Fe3+) 

15.59 

 

1.95 

 

0.105 

 

0.14 0.05 

 

0.81 2.35 1.03 

400 µL  

(MVI2) 

14.95 

 

1.88 

 

0.10 

 

0.28 0.04 

 

0.68 4.32 1.01 
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Table 2.7 Excited-state lifetime analysis of 4′ in presence of different analyte in aqueous 

solution (λex = 290 nm, λem = 400 nm). 

Volume of 

analyte 

added 

τ (ns) a Average 

lifetime 

(ns) 

<τ>* 

χ2 

τ1 (ns) 

 

τ2 (ns) 

 

τ3 (ns) a1 a2 a3 

0 16.71 

 

1.95 

 

0.12 

 

0.33 0.10 

 

0.57 5.8 1.04 

400 µL  

(Fe3+) 

13.59 

 

1.96 

 

0.10 

 

0.19 0.08 

 

0.73 2.84 1.07 

400 µL  

(MVI2) 

11.37 

 

1.79 

 

0.10 

 

0.25 0.07 

 

0.68 2.99 1.09 

*<τ> = a1τ1 + a2τ2 + a2τ2 + a3τ3 

 

 

Figure 2.28 Change in the fluorescence intensity of 1′ (a), 2′ (b), 3′ (c) and 4′ (d) upon addition 

of H2O2 solution (1 mM) in presence of Fe2+ ion (500 µL).   

(a) (b)

(c) (d)
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Figure 2.29 Change in the fluorescence intensity of 1′ (a), 2′ (b), 3′ (c) and 4′ (d) upon addition 

of Fe2+-H2O2 solution in presence of IPA (300 µL). 

 

 

Figure 2.30 The fluorescence quenching efficiency of 1′ (a), 2′ (b), 3′ (c) and 4′ (d) in presence 

of different input and its corresponding truth table for logic gate construction. 

(d)

(b)

(c)

(a)

(a) (b)

(c) (d)
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2.3.10 Construction of molecular logic gates 

We observed that all the MOFs showed selective sensing properties towards Fe3+ ions 

over other ions including Fe2+, even in the presence of intrusive ions. We further investigated the 

fluorescence quenching efficiencies of the Fe3+ and Fe2+/H2O2 systems. The well-known Fenton 

reaction occurs between Fe2+ ions and H2O2, which produces Fe3+ ions and the hydroxyl radical 

(OH•). The mixture of Fe2+ and H2O2 showed a rapid quenching of the fluorescence of all the 

MOF materials (Figure 2.28). The strongly oxidizing OH• has the ability to capture electrons and 

can also act as a fluorescence quencher.88,89 Therefore, OH• can be expected to interfere with the 

quenching process. To check the effect of OH• on the fluorescence quenching efficiency, we 

conducted similar fluorescence experiments in the presence of a large excess of isopropyl 

alcohol (IPA), which is a OH• scavenger.90 The results of these experiments disclosed that the 

fluorescence quenching efficiencies are negligibly influenced by the presence of IPA (Figure 

2.29). The subsequent addition of the Fe2+/H2O2 mixture to the suspensions of MOFs containing 

IPA triggered rapid fluorescence quenching. Therefore, it can be concluded that the Fe3+ ion is 

solely responsible for the fluorescence quenching. Silva and coworkers demonstrated the first 

example of a molecular logic gate based on fluorescence signalling.91 Since their inception in 

1993, a large number of molecular logic gates have been described in the literature until now.92-94 

Based on logic operations, the discriminative detection of different analytes has also been 

reported recently.95-99 On the other hand, the reports on the construction of MOF-based logic 

gates are still (MV2+) scarce.100,101. Based on the selective quenching behaviour of the MOFs 

towards Fe3+ and Fe2+/H2O2 systems over Fe2+ ions, we have designed a molecular logic gate 

system (Figure 2.31), where Fe2+, Fe3+ and H2O2 were used as three inputs. The presence and 

absence of the inputs were defined as ‘1’ and ‘0’, respectively. The quenched and unquenched 

fluorescence were used as the outputs. The quenched fluorescence was defined as output ‘1’ and 

the unquenched fluorescence was defined as output ‘0’. The combination of Fe2+ and H2O2 was 

used in the formation of an AND logic gate. On the other hand, Fe3+ and the above-described 

AND logic gate were used in the formation of an OR logic gate. The logic operations were 

monitored in all eight possible input combinations. It becomes obvious from Figure 2.30 that 

among the eight possible inputs, five inputs [(011), (100), (101), (110) and (111)] showed 

fluorescence quenching (i.e. output 1). The other three inputs [(000), (010) and (001)] exhibited 

negligible changes in the fluorescence intensity (i.e. output 0). 
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Figure 2.31 (a) Logic gate circuit for AND and OR gates constructed from three-input system 

and the corresponding truth table (b). 

 

2.4 Conclusions 

We have successively synthesized four isoreticular thienothiophene-based Zr(IV) MOF 

materials under solvothermal conditions. The hydrophobicity and fluorescence properties of all 

the MOF compounds have been tuned in a systematic fashion by attaching methyl and phenyl 

groups to the thienothiophene-based ligands. XRPD experiments reveal that the MOF materials 

retain their structural robustness upon treatment with water, acetic acid, NaOH (pH = 11) and 1 

M HCl solutions. Based on the thermogravimetric analyses, the MOF compounds possess 

moderate to high thermal stability. A combination of contact angle measurements and water 

sorption analyses confirms that the attachment of water-repellent methyl and phenyl groups to 

the ligands imparts different extents of hydrophobicity to the MOF materials. As verified by the 

fluorescence titration experiments, all the MOF materials featured selective, fast, and sensitive 

sensing of Fe3+ ions in water through the fluorescence quenching mechanism. Thorough 

experimental studies indicate that the transfer of electrons from the π-conjugated, electron-rich 

thienothiophene-based frameworks to the half-filled 3d orbitals of Fe3+ ions accounts for the 

Fe3+

Fe2+

H2O2

Input 1 
(Fe3+)

Input 2 
(Fe2+)

Input 3 
(H2O2)

Output (Fluorescence
Quenching)

0 0 0 0

1 0 0 1

1 1 0 1

1 0 1 1

0 1 0 0

0 1 1 1

0 0 1 0

1 1 1 1

OR
AND

(a)

(b)
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fluorescence quenching of MOF compounds. In contrast to the Fe3+ ions, the electron acceptor 

methyl viologen (MV2+) dications displayed a completely reverse trend in the fluorescence 

quenching efficiencies of the MOF materials. During the elucidation of the reasons for this 

reverse trend in the quenching efficiency with the MV2+ ions, it has been observed that both the 

steric and electronic effects of the attached functional groups play decisive roles in the 

luminescence quenching mechanism. In addition, molecular logic gates could be designed by 

employing the MOFs for distinguishing between Fe3+ and Fe2+ ions. Overall, high photostability 

and reusability in Fe3+ sensing as well as the ability to discriminate between Fe3+ and Fe2+ ions 

through logic operations make the MOFs suitable for real-life applications. We believe that the 

results of this systematic investigation will provide fruitful insights for understanding the 

photophysical behavior of other MOFs and their interactions with different analytes. 
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Chapter 3 

 

 

 

A cerium-based metal-organic framework having 

inherent oxidase-like activity applicable for 

colorimetric sensing of biothiols and aerobic oxidation 

of thiols 
 

This chapter describes the solvothermal synthesis and characterization of a Ce(IV)-based MOF 

material incorporating 3,4-dimethyl thieno[2,3-b]thiophene-2,5-dicarboxylic acid. The XPS study 

reveals the presence of both Ce(III) and Ce(IV) ions in the framework. The cubic framework 

structure of the compound contains hexanuclear cluster cores having a [Ce6O4(OH)4]12+ 

composition with UiO (UiO = University of Oslo) framework topology. The activated compound 

mimics the catalytic activity of biological oxidase enzymes and oxidize the chromogenic 

peroxidase substrates: TMB and AzBTS. Based on the oxidase-mimicking activity of MOF, a 

colorimetric sensing platform for biothiols was established. A significant heterogeneous catalytic 

performance of the MOF was also observed in the oxidation of thiol compounds using molecular 

oxygen. 
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3.1 Introduction 

 The colorimetric sensing technique has gained immense attention in biology and analytical 

chemistry owing to its easy visual readout and rapid visual determination with naked eyes or low 

cost portable instruments.1 Colorimetric biosensors are capable of showing response towards target 

biomolecules (cysteine, glutathione, homocysteine, thiamine, glucose, ascorbic acid, etc.) through 

a change in color.2 Detection of these species is highly desirable, since they play vital roles in 

different physiological processes such as metabolism, protein synthesis, detoxification and 

reversible redox reactions.3 For the sensing of biomolecules, optical,4 electrochemical5 and bio-

electrochemical6 sensing techniques are extensively employed. However, these methods have 

considerable disadvantages like the absence of rapidity, selectivity and sensitivity. Moreover, the 

bio-enzymes easily undergo denaturation or chemical changes upon heating. In addition, the 

preparation, storage and purification of enzymes require too much time.7,8 Hence, numerous 

analogous materials such as Fe3O4,9 Au nanoparticles,10 graphene oxide11 and carbon dots12 have 

been investigated. Since the catalytic performances of these materials are analogous to those of 

natural enzymes, their enzyme-mimicking characteristics have been utilized for the sensing of 

biological analytes. The major advantages of these analogous materials include facile and 

controlled synthesis with high yields, a lower cost, adjustable catalytic performances, and tunable 

structures and compositions.13 Because of these benefits, enzyme-mimetic nanomaterials have 

attracted widespread attention. These materials exhibit similar catalytic activity to natural oxidases 

or peroxidases and hence they have been efficiently utilized as biosensors for applications in 

environmental monitoring and biomedical diagnosis.2  

The oxidation of thiols to disulfides has drawn immense interest since disulfides play vital 

roles in many biochemical and industrial processes.14 In industry, disulfides are used in the 

synthesis of pharmaceuticals and agrochemicals and vulcanization of rubber.15 Furthermore, the 

protection of thiols can be easily achieved through the formation of disulfides and conversely the 

cleavage of disulfide bonds leads to the formation of thiols.16 The oxidation of thiol compounds is 

an effective method for the industrial production of disulfides because of the commercial 

availability of many thiols and their convenient preparation procedures. However, many over-

oxygenated by-products such as sulfoxides and sulfones can be produced during the oxidation of 

thiols. On the other hand, the selective oxidation of thiols to disulfides has been achieved so far 

through the employment of a variety of reagents such as Ce(IV) salts, permanganates, peroxides, 
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air along with transition-metal oxides, sodium chlorite, sodium perborate, halogens, nitric oxide 

and ferric chloride.17 MOFs have received tremendous attention in the last two decades since they 

have shown application potential in chemical sensing, gas adsorption and separation, 

heterogeneous catalysis and drug delivery.18-20 Until today, few Fe(III)-containing MOFs such as 

MIL-53, MIL-88A, MIL-68, MIL-100, MIL-88-NH2 and MIL-101 have been reported, which 

have exhibited inherent peroxidase-like catalytic behaviour applicable for colorimetric 

biosensing.21-28 These examples also include two Zr(IV)-based MOFs having Fe(III)-metalated 

porphyrin ligands.29-31 However, only two M(IV)-based (M = Zr, Ce) single-metal MOFs have 

been employed so far, demonstrating oxidase-like activity for biosensing. These MOFs include a 

mixed-valence (Ce3+/Ce4+) Ce-MOF (called MVCM)32 and Zr(IV)-based MOF UiO-66-NH2.33 

Among the various MOFs that have displayed either oxidase- or peroxidase-like activity, only Fe-

MIL-88- NH2,31 MVCM and Zr-UiO-66-NH2 have been applied for the facile colorimetric sensing 

of biothiols. On the other hand, only two MOFs, namely, Fe(BTC) and Fe-MIL-100, have been 

demonstrated to achieve oxidation catalysis of thiols to disulphides using molecular oxygen.18,34 

Cerium oxide nanoparticles (nanoceria) occur as mixed valence state oxides of Ce3+ and Ce4+ and 

are able to reversibly switch between the two oxidation states.35 Due to this phenomenon, 

nanoceria has featured oxidase-mimicking characteristics beneficial for colorimetric biosensing.36-

38 Furthermore, the MVCM material has been recently reported to sense biothiols colorimetrically 

due to its oxidase-mimicking features.32 On the other hand, few Ce(IV) complexes have been 

employed to achieve the oxidation of thiol compounds to disulphides in the homogeneous phase 

using molecular oxygen.39 In addition, the ability of cerium(IV) ammonium nitrate (CAN) to act 

as a homogeneous oxidation catalyst has been demonstrated in various substrates including 

alcohols, thioethers, epoxides, alkylbenzenes and active methylene compounds.40 Encouraged by 

the usefulness of cerium chemistry in colorimetric sensing and oxidation catalysis, we have 

synthesized a Ce-based MOF (5) incorporating H2DMTDC as a ligand. The presence of both 

Ce(III) and Ce(IV) ions in the framework was confirmed by XPS analysis. The activated MOF 

(5′) features an inherent oxidase-mimicking behaviour in NaAc buffer at acidic pH, since it is 

capable of performing rapid oxidation of chromogenic peroxidase substrates like 3,3′,5,5′-

tetramethylbenzidine (TMB) or 2,2′-azinobis(3-ethylbenzothizoline-6-sulfonic acid) (AzBTS) 

without the need of any external oxidizing agents (e.g. H2O2). On the basis of these outcomes, we 

have established a colorimetric sensing platform for biothiols in NaAc buffer (pH = 4.0) as well 
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as in human blood plasma. Moreover, the heterogeneous catalytic activity of 5′ for the oxidation 

catalysis of thiol compounds to disulphides using molecular oxygen has been thoroughly 

investigated. 

 

3.2 Experimental 

3.2.1 Materials and synthetic procedures 

The synthesis of the H2DMTDC ligand was carried out by following a previously 

documented protocol.41 All the other reagents were procured from commercial vendors. The 

infrared (IR) spectra in the range 440-4000 cm−1 were collected using a Perkin Elmer Spectrum 

Two spectrometer. To describe absorption bands, the following notations were used: broad (br), 

shoulder (sh), weak (w), strong (s), medium (m) and very strong (vs). Thermogravimetric analyses 

(TGA) were carried out using a Mettler-Toledo TGA/SDTA 851e thermogravimetric instrument 

in the temperature range 25-700 °C with a heating rate of 5 °C min−1 in air atmosphere. X-Ray 

powder diffraction (XRPD) measurements were performed with a Bruker D2 PHASER X-ray 

diffractometer (10 mA, 30 kV) utilizing Cu-Kα (λ = 1.5406 Å) radiation. X-ray photoelectron 

spectroscopy (XPS) measurement was carried out at room temperature using a custom-built near-

ambient pressure photoelectron spectrometer (Prevac, Poland) and the full details are available in 

ref. 18 and 19. It is equipped with an R3000HP analyser (Scienta) with a twin-anode source and a 

monochromatic (Al-Kα) X-ray source. However, the experiment was carried out with the Mg-Kα 

(hν = 1253.6 eV) source. The base pressure in the analysis chamber was kept in the 3 to 6 × 10−10 

mbar range. The energy resolution of the spectrometer was set at 0.7 eV with Mg-Kα radiation at 

a pass energy of 20 eV. The calibration for the binding energy (BE) was carried out with the 

Au(4f7/2) core level at 84.0 eV. Field emission-scanning electron microscopy (FE-SEM) images 

were collected using a Zeiss (Zemini) scanning electron microscope. UV-vis spectra in the region 

250-800 nm were recorded using a Perkin Elmer Lambda 25 UV-vis spectrometer. All solutions 

for the UV-vis measurements were prepared by using Milli-Q water. The nitrogen adsorption 

experiments at −196 °C were carried out employing a Quantachrome Autosorb iQ-MP volumetric 

gas adsorption equipment. Before the adsorption measurement, degassing of the sample was 

accomplished by heating at 80 °C overnight under high vacuum. The conversion and selectivity 

were determined using an Agilent 7820 gas chromatography system with FID. To identify the 
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products, gas chromatography-mass spectrometry (GC-MS) measurements were performed using 

a Perkin Elmer Clarius 500 spectrometer.  

 

3.2.2 Synthesis of [Ce6O4(OH)4(DMTDC)6]·2DMF·22H2O (5) 

A mixture of H2DMTDC (40 mg, 0.16 mmol) in 2 mL of N,N-dimethylformamide (DMF) 

was sonicated until it dissolved completely. Consequently, ceric ammonium nitrate (CAN) was 

added as an aqueous solution (400 μL, 0.533 M). The mixture was put inside a glass tube, which 

was sealed. This tube was heated at 100 °C for 3.5 h by means of a dry block heater. The mixture 

was cooled down to ambient temperature and the light yellow precipitate was filtered off. This 

precipitate was washed twice with DMF and once with acetone. The resulting solid was dried in 

an oven at 70 °C for 6 h and denoted as 5. The yield of the compound was 48 mg (0.02 mmol, 

46%) considering the Ce salt. Anal. calcd for C66H98Ce6N2O56S12 (3040.95 g mol−1): C, 26.06 H, 

3.24 N, 0.921. Found: C, 26.74 H, 3.18 N, 1.02%. FT-IR (KBr, cm−1): 3430 (br), 2927 (w), 2852 

(w), 1647 (s), 1605 (sh), 1495 (m), 1378 (vs), 1268 (w), 1158 (sh), 1103 (m), 1019 (w), 799 (sh), 

772 (m), 662 (w), 558 (m), 469 (w). 

 

3.2.3 Activation of as-synthesized 5 

At first, the as-synthesized material (0.2 g) was stirred in methanol (20 mL) for 24 h at 

ambient temperature. Then, the yellow material was filtered off. The degassing of the solid was 

accomplished by heating at 70 °C for 16 h under high vacuum. In this way, the activated material 

(denoted as 5′) was obtained. 

 

3.2.4 Oxidase-like activity of 5′ 

For the UV-vis experiments, aqueous suspensions of 5′ (concentration: 1 mg mL−1) were 

prepared by ultrasonic treatment for 30 min. To examine the oxidase-like activity, the catalytic 

oxidation of 3,3′,5,5′-tetramethylbenzidine (TMB) was investigated in presence of 5′ and a blue 

colored solution of ox-TMB was obtained. For this purpose, a 120 μL aqueous suspension of 5′ 

and 100 μL of TMB solution (0.04 mM) were added to 2780 μL of NaAc buffer (0.2 M, pH = 4.0). 

The influence of reaction time on the absorbance (λmax = 652 nm) of ox-TMB was examined by 

measuring the UV-vis spectra of the resulting mixture at a regular time interval (2 min) until the 
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absorbance of ox-TMB became constant. For the investigation of the steady-state reaction 

mechanism, additional UV-vis measurements were carried out under similar conditions to those 

mentioned above, except that various concentrations of TMB solution were added to the 

suspension. 

 

3.2.5 Detection of biothiols in NaAc buffer 

The colorimetric method for the detection of biothiols involve the following steps: initially, 

2680 μL of 0.2 M NaAc buffer (pH = 4.0), 120 μL of TMB solution (1 mM, ethanol solution) and 

a 100 μL aqueous suspension of 5′ (1.0 mg mL−1) were mixed together to obtain a blue-colored 

solution of ox-TMB. After the absorbance of ox-TMB became constant, 100 μL of a biothiol 

solution (0.5 mM) was added and the UV-vis spectrum of the resulting mixture was recorded. 

Analogous experiments were also carried out by replacing the biothiols with the following possibly 

interfering biomolecules: aspartic acid, alanine, arginine, proline, glycine, isoleucine, lysine, 

histidine, leucine, phenylalanine, threonine, methionine, valine, tryptophan and serine. In order to 

determine the selectivity of 5′ towards biothiols co-existing with other biomolecules, the above-

mentioned procedure was followed, except the sequential addition of two amino acid solutions 

(i.e. interfering biomolecules followed by biothiols) in the last step instead of one amino acid (i.e. 

biothiols) solution. 

 

3.2.6 Detection of biothiols in human blood plasma 

From the left arm vain, 5 mL of human blood was collected in a tube having 

ethylenediaminetetraacetic acid (EDTA) under aseptic conditions. For the separation of plasma, 

the blood was centrifuged at 3000 rpm for 5 min. Afterwards, the straw-colored supernatant human 

blood plasma (HBP) was collected and employed for further experiments. 160 μL of HBP was 

placed in four microcentrifuge tubes and different amounts of cysteine solutions were spiked. After 

that, incubation of the mixture was accomplished at 37 °C for 5 min. Later, 200 μL of 60% (v/v) 

acetonitrile was added to this mixture to precipitate the proteins. Then, the mixture was centrifuged 

at 6000 rpm for 5 min for the complete separation of the proteins. The resulting supernatant 

solution was used further for sensing cysteine in a similar method to the sensing of cysteine in 

NaAc buffer. A control experiment was also carried out without spiking cysteine. 
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3.2.7 Aerobic oxidation catalysis 

A typical reaction was performed in which thiophenol (1 mmol) and 2 mL of methanol 

were poured in a 25 mL round-bottom flask and catalyst 5′ (20 mg) was added to the mixture. The 

reaction mixture was stirred at 70 °C in a preheated oil bath and oxygen from a balloon was purged 

into it. The progress of the reaction was regulated by GC through sampling aliquots at various time 

gaps. The heterogeneity of the catalytic reaction was investigated as indicated above, except that 

the catalyst was filtered off after 2 h from the reaction mixture using a 0.2 μm PTFE filter and then 

the reaction was continued up to 12 h in the absence of the catalyst. In addition, the stability of the 

catalyst was checked by performing reusability experiments under the optimized reaction 

conditions. After the reaction, 5′ was filtered off, washed twice with methanol and then washed 

thoroughly with acetone for the exclusion of all unreacted compounds from the catalyst. 

Afterwards, the material was dried at 80 °C for 16 h in a traditional oven. This dried compound 

(5′) was used as the catalyst in the subsequent catalytic runs. 

 

3.3 Results and discussion 

3.3.1 Preparation and activation procedure  

Compound 5 was synthesized by heating a mixture of aqueous ammonium cerium(IV) 

nitrate and the 3,4-dimethylthieno[2,3-b]thiophene-2,5-dicarboxylic acid (H2-DMTDC) ligand in 

N,N-dimethylformamide (DMF) at 100 °C for 3.5 h. In order to remove the occluded DMF 

molecules, the as-synthesized material was first stirred in methanol. Later, the methanol molecules 

were removed from the cages by heating the methanol-exchanged material under high vacuum at 

80 °C for 12 h. In this way, the activated material (termed as 5′) was obtained. 

 

3.3.2 Structure description 

The experimental XRPD pattern of the as-synthesized form of 5 matches closely with the 

theoretical XRPD pattern of its previously reported Zr(IV) analogue having a UiO-66 type of 

framework topology (Figure 3.1).42,43 Therefore, both 5 and its Zr(IV) analogue have the same 

framework topology as UiO-66.44 The XRPD pattern of the as-synthesized compound can be 
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successfully indexed in the cubic crystal system. The unit cell parameters of 5 (Table 3.1) are very 

similar to those of the isostructural Zr(IV)-containing material.42,43  

 

 

Figure 3.1 Simulated (black) and experimental (red) XRPD patterns of 5. 

 

Table 3.1 Refined unit cell parameters for as-synthesized 5 and isostructural Zr(IV)-based 

compound having cubic unit cells. 

Compound a (Å) V (Å3) 

as-synthesized 5 23.111(6) 12343.6(54) 

[Zr6O4(OH)4(DMTDC)6]∙4.8DMF∙10H2O42 23.0917(6) 12313.1(3) 

Zr-DMTDC43 23.12  12358.43 

 

The framework structure of the isostructural Zr(IV) material has been described previously 

by us.42,43 Briefly, the cubic framework structure (Figure 3.2) of the title compound comprises 

hexanuclear cluster cores having a [Ce6O4(OH)4]12+ composition.45 In these cluster cores, the six 

cerium atoms are situated at the corners of an octahedron. The eight faces of each octahedron are 
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bridged by the O atoms of μ3-O and μ3-OH groups, which are arranged in an alternating fashion. 

Eight O atoms are coordinated with each Ce atom. The latter has a square antiprismatic geometry 

in which the O atoms from the carboxylate, μ3-O and μ3-OH groups occupy the square faces. Each 

[Ce6O4(OH)4]12+ cluster core is linked with the carboxylate groups of twelve DMTDC ligands. 

The chemical structure of the H2DMTDC ligand is shown in Figure 3.2e. The cubic, 3D framework 

of 5 is formed by the interconnection of the cluster cores with the carboxylate groups of adjacent 

ditopic DMTDC ligands. The structure incorporates two types of cages: larger octahedral and 

smaller tetrahedral. Eight tetrahedral cages surround each central octahedral cage. Both cage types 

are accessible to guest molecules via narrow triangular windows. The methyl groups attached with 

the DMTDC ligands are located at the triangular windows. These methyl groups project towards 

the inner side of the octahedral cages. 

 

 

Figure 3.2 Cubic 3D framework structure of 5 in ball-and-stick representation. (a, b) Depiction of 

octahedral (yellow spheres) and tetrahedral (orange spheres) cages. (c, d) are the magnified views 

of (a, b), respectively. (e) Structure of the H2DMTDC ligand. Color codes: Ce, blue polyhedra; C, 

grey; O, red; S, yellow. 
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3.3.3 Material characterization 

The oxidation state of cerium in 5 was investigated by XPS analysis. The XPS study reveals 

that both Ce(III) and Ce(IV) ions are present in the framework of 5 (Figure 3.3).46 The Ce 3d core 

level spectrum was analyzed to explore the oxidation state of Ce. The deconvolution of the Ce 3d 

core level spectrum suggests the presence of ten peaks. The six peaks at 883.1, 888.5, 898.4, 902.1, 

907.5 and 916.8 eV correspond to the Ce(IV) state, whereas the Ce(III) state gives rise to four 

peaks at 880.6, 885.6, 900.0 and 904.8 eV.46-48 The relative amount of Ce(III) ions present in 5 

was determined to be 23.6% by utilizing the peak area of the deconvoluted core level spectrum.49 

The reducing ability of the DMF solvent with prolonged reaction time at high temperature might 

be responsible for the reduction of the Ce(IV) ions.50  

 

 

Figure 3.3 XPS spectrum of the as-synthesized form of 5 (Ce 3d core level). 

 

In the IR spectra (Figure 3.4a) of as-synthesized and activated 5, absorption peaks with 

high intensity are observed at around 1595 and 1385 cm−1. These peaks occur due to the 

asymmetric and symmetric CO2 stretching vibrations of the framework DMTDC ligands, 

respectively.51,52 The IR spectrum of as-synthesized 5 contains a medium absorption peak at 

around 1650 cm−1, which is attributable to the stretching vibrations for the carbonyl group of DMF 

molecules residing inside the pores. The IR spectrum of the activated compound does not contain 
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any absorption peaks for the occluded DMF molecules. The results from the FT-IR analysis 

confirm the complete activation of the compound. 

In order to check the permanent porosity of activated 5′, N2 sorption experiments were 

conducted. In Figure 3.4b, the N2 sorption isotherms of 5′ are displayed. The N2 sorption isotherms 

follow a type-I behaviour according to the IUPAC classification. From the N2 adsorption isotherm, 

the specific BET surface area and micropore volume (at p/p0 = 0.5) of 5′ were calculated to be 

1020 m2 g−1 and 0.65 cm3 g−1, respectively.  

 

 

Figure 3.4 (a) FT-IR spectra of the as-synthesized (black) and thermally activated (red) forms of 

5, (b) N2 sorption isotherms of 5′ collected at −196 °C. 

 

To investigate the thermal stability of 5 and 5′, thermogravimetric analyses were performed 

in the range 25-700 °C under air atmosphere. From the TG traces (Figure 3.5a), it can be concluded 

that the material is stable up to 300 °C. The first weight loss of 13.2 wt% (range: 40-150 °C) in 

the TG trace of as-synthesized 5 occurs because of the removal of 22 guest H2O molecules per 

formula unit (calcd.: 13.0 wt%). In the range 150-210 °C, the second weight loss of 5.0 wt% takes 

place due to the removal of 2 occluded DMF molecules per formula unit (calcd.: 4.86 wt%). After 

210 °C, the material starts to decompose on account of the loss of framework ligands. The TG 

trace of activated 5′ contains one weight loss stage below the decomposition temperature which is 

observed because of the removal of the adsorbed water molecules from the pores. The activated 

material adsorbs water (moisture) from air during storage under ambient conditions before the TG 

measurement.  

(a) (b)
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Figure 3.5 (a) TG curves of as-synthesized (red) and thermally activated (black) forms of 5 

measured under air atmosphere in the range 25-700 °C at a heating rate of 5 °C min−1. (b) XRPD 

patterns of 5′ after treatment with different liquids. 

 

To check the chemical stability of activated 5′, the samples (0.1 g) were stirred in various 

liquids such as water, 1 M HCl and acetic acid (15 mL for each liquid) at ambient temperature for 

12 h. Then, the samples were filtered and XRPD experiments were carried out to check their 

crystallinity. Fortunately, the crystallinity of the compound did not change upon stirring in these 

liquids, which was obvious from the XRPD patterns (Figure 3.5b). The high stability of the 

material in both aqueous and acidic media encouraged us to investigate its oxidase-like catalytic 

activity in acidic medium. To check the phase purity and morphology of 5′, FE-SEM images were 

collected. The FE-SEM images (Figure 3.6) confirm the homogeneous crystalline nature of 5′ and 

the absence of any impure phases. 

 

 

 

(a) (b)
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Figure 3.6 FE-SEM images of activated 5′. 

 

 

Figure 3.7 Effect of pH on the oxidase-like catalytic activity of 5′ towards TMB. 

 

3.3.4 Oxidase-mimicking properties 

At first, we have explored the ability of 5′ to oxidize peroxidase substrates in acidic 

medium. For this purpose, we have chosen two typical chromogenic peroxidase substrates, 

namely, 2,2-azinobis (3-ethylbenzothizoline-6-sulfonic acid) (AzBTS) and 3,3′,5,5′-

tetramethylbenzidine (TMB). Either a blue (for ox-TMB) or green (for ox-AzBTS) color is 

produced when these substrates are oxidized in aqueous medium. These substrates have been 

previously employed for examining the peroxidase-like activity of several MOF 

materials23,24,26,28,53-67 where H2O2 is employed as an oxidizing agent. On the other hand, the 

(a) (b)
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present cerium-based 5′ is capable of oxidizing both AzBTS and TMB without any external 

oxidizing agents such as H2O2. These facts have been confirmed by the visual color changes of the 

dye molecules in NaAc buffer (pH = 4) in the presence of 5′ and the corresponding drastic changes 

in the UV-vis spectra. The pH dependent investigation disclosed that the optimal pH value for the 

oxidase-like activity of 5′ is ca. 4. The pH values higher or lower than 4 led to a decrease in the 

oxidase-mimicking activity of the MOF towards TMB (Figure 3.7). For TMB, the formation of a 

blue-colored solution having absorption maxima at 652 and 370 nm (Figure 3.8a) confirms the 

formation of the oxidized product (denoted as ox-TMB).68 In the case of AzBTS, new absorption 

bands appeared at around 415 and 644 nm, which corroborates the generation of an ABTS˙+ radical 

(Figure 3.8b).69 The green color was developed within one minute, which indicates rapid oxidation 

of the dye molecule by 5′. We have systematically studied the influence of catalyst amount on the 

catalytic activity of 5′. The change in the absorbance (monitored at 652 nm) of TMB as a function 

of time upon addition of various amounts of 5′ is plotted in Figure 3.9. This figure reveals that the 

catalytic activity of 5′ increases when increasing amounts of its suspension are added to the 

reaction medium. Furthermore, the recyclability of 5′ towards the catalytic oxidation of TMB was 

investigated up to 4 cycles. The results confirmed that the MOF material is highly stable and 

reusable up to 4 cycles under the optimized reaction conditions (Figure 3.10). 

 

Figure 3.8 UV-vis spectra of (a) TMB and (b) AzBTS in the absence (black) and presence (red) 

of 5′ in NaAc buffer (0.2 M, pH = 4) at room temperature. Inset: corresponding chromogenic 

change of peroxidase substrates. 

a) b)

a)

b)

a) b) )
)

TMB
ox-TMB

(a) (b)
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Figure 3.9 Time-dependent variation in the absorbance of TMB (monitored at 652 nm) upon 

addition of various amounts of 5′ in NaAc buffer (0.2 M, pH = 4). 

  

 

Figure 3.10 (a) Recyclability of the oxidase-like catalytic activity of 5′ towards TMB, (b) XRPD 

patterns of 5′ before and after oxidase-like catalytic activity towards TMB. 

 

Since 5′ displayed oxidase-like activity, the apparent steady-state kinetic parameters were 

evaluated for the oxidation of TMB by 5′. For this purpose, the concentration of TMB was varied. 

To analyze the kinetic parameters, a typical Michaelis-Menten equation was employed. A 

Lineweaver-Burk plot (Figure 3.11) was used in order to evaluate the maximum initial velocity 

(Vmax) and Michaelis-Menten constant (Km). From this plot, the values of Km and Vmax were 

estimated to be 88 μM and 0.11 μM s−1, respectively. The Km value for 5′ is lower than that for a 
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natural enzyme called horseradish peroxidase (HRP),50 the recently reported Ce-MOF called 

MVCM32 as well as nanoceria36. This Km value suggests that the affinity of 5′ towards TMB 

molecules is higher as compared to HRP, MVCM as well as nanoceria. 

The mechanism of the oxidase-like activity of cerium based 5′ towards TMB may be 

related to the Ce4+ ↔ Ce3+ spontaneous electron shuttling through the framework system. 32 When 

TMB solution was added to the suspension of 5′ in NaAc buffer (0.2 M, pH = 4.0), the Ce4+ ions 

quickly oxidize TMB to form blue-colored ox-TMB. During this process, Ce4+ ions are reduced to 

Ce3+ ions. Then, the latter are naturally converted to Ce4+ ions. 

 

 

Figure 3.11 Steady-state kinetic assay of 1' with TMB at pH = 4. Inset: Lineweaver–Burk plot of 

the double reciprocal of the Michaelis–Menten equation. 

 

3.3.5 Detection of biothiols in NaAc buffer 

It has been previously reported that biological thiols (biothiols) have the capability to 

reduce the blue-colored ox-TMB in aqueous medium, leading to the formation of colorless 

TMB.31,32,70,51 Encouraged by this fact, we have developed a colorimetric protocol for the sensing 

of biothiols. The UV-vis spectra of ox-TMB comprising 5′ in NaAc buffer (0.2 M, pH = 4) were 

recorded with incremental addition of 0.5 mM solutions of various amino acids (including alanine, 

cysteine, aspartic acid, arginine, histidine, glycine, leucine, isoleucine, lysine, phenylalanine, 
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methionine, serine, proline, tryptophan threonine and valine) and other thiol-containing 

biomolecules (such as homocysteine and glutathione). Among the different amino acids and thiol-

containing biomolecules added, rapid decolorization of ox-TMB was observed upon addition of 

biothiol compounds such as glutathione, cysteine and homocysteine. It can be seen from Figure 

3.12-3.14 that the absorbance of ox-TMB decreased dramatically upon gradual addition of 0.5 mM 

solutions of cysteine, homocysteine and glutathione. In sharp contrast, a negligible change in the 

absorbance of ox-TMB was observed in the presence of other possibly interfering biomolecules. 

Even methionine, another sulphur-containing amino acid, resulted in a negligible change in the 

absorbance of ox-TMB under the presented conditions. These phenomena can be understood 

considering that after oxidation of TMB by the MOF catalyst to produce bluish colored ox-TMB, 

the biothiols reverse the process by reduction of ox-TMB back to colorless TMB. The results 

presented herein suggest that 5′ shows high selectivity towards the sensing of biothiols 

(glutathione, cysteine and homocysteine).  

 

 

Figure 3.12 Change in the absorption spectrum of ox-TMB upon gradual addition of 0.5 mM 

cysteine solution in NaAc buffer (0.2 M, pH = 4). Inset: corresponding change in color of the ox-

TMB solution. 
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Figure 3.13 Absorbance spectra of ox-TMB in presence of glutathione (a) and homocysteine (b) 

at varying concentration. 

 

 

Figure 3.14. Change in the absorbance of ox-TMB in presence of different biothiols. 

 

In order to investigate the selectivity of 5′ towards the sensing of biothiols, the UV-vis 

spectral response of the MOF system (i.e., 5′ containing ox-TMB in aqueous medium) was 

measured towards biothiols in the existence of several potentially interfering amino acids. It has 

been observed that the absorbance of the MOF system changed significantly only after the 

introduction of biothiols to the reaction medium, whereas the introduction of other amino acids 

caused negligible changes in the absorbance (Figure 3.15). Therefore, the selective colorimetric 

sensing of biothiols in the presence of other potentially competing amino acids can be achieved by 

(a) (b)
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this method. The LOD values were estimated by employing the following equation: LOD = 3σ/K 

as previously reported.50 The LOD values for cysteine, homocysteine and glutathione by this 

colorimetric biosensing technique were estimated to be 0.150, 0.132 and 0.125 μM, respectively. 

These LOD values are either similar or lower as compared to previously reported MOFs31,33,72 

exhibiting selective detection properties towards biothiols. 

 

 

Figure 3.15 Absorbance of ox-TMB (monitored at 652 nm) upon addition of a potentially 

competing amino acid, followed by the addition of cysteine in NaAc buffer (0.2 M, pH = 4). 

 

3.3.6 Detection of biothiols in human blood plasma 

It is well known that human blood plasma contains high concentrations of cysteine (165-

335 μM),73 homocysteine (9-13 μM)74 and glutathione (14-20 μM).75 Therefore, the ability of 5′ 

to detect cysteine in human blood plasma (HBP) was evaluated. The concentration of cysteine in 

HBP samples was determined by utilizing the standard addition method. The recovery experiments 

were carried out with two HBP samples spiked with cysteine. As shown in Table 3.2, the recovery 

for cysteine measurement ranges from 98 to 102% with low RSD (n = 3) values. These results 

confirm the suitability of the developed protocol for the sensing of cysteine in HBP samples. 

 

 

 

TH-2006_146122002



Chapter 3 
 

106 
 

Table 3.2 Concentrations of cysteine found in diluted HBP samples determined by the standard 

addition technique. 

HBP Sample Without 
Spiking  
(µM) 

Cysteine 
Added 
(µM) 

Cysteine 
Found 
(µM)  

Recovery 
(%) 

 

RSD (%) 

Sample 1 65.4 10 9.8 98 1.8 

50 50.1 100.2 2.1 
Sample 2 110.5 10 0.1 101 1.6 

50 51.2 102.4 1.2 
 

 

3.3.7 Catalytic oxidation of thiol compounds 

MOFs are considered to be promising heterogeneous catalysts for organic transformations 

including oxidation reactions.76,77 MOFs have previously served as heterogeneous catalysts in the 

aerobic oxidation of cycloalkanes, hydrocarbons, benzyl alcohol, thiols, amines and sulfides.78 

Recently, research interest in the construction of MOF-type heterogeneous catalysts for the aerobic 

oxidation of organic substrates has grown rapidly.76 Inspired by these observations, we have 

investigated the catalytic activity of 5′ using thiophenol as a model substrate under an oxygen 

atmosphere, as shown in Scheme 3.1. 

  

 

Scheme 3.1 Oxidation of thiophenol to 1,2-diphenyldisulfide in presence of catalyst 5′ and 

molecular oxygen. 

 

Aerobic oxidation of thiophenol in the absence of 5′ exhibited only 9% conversion at 70 

°C in methanol after 12 h (entry 1, Table 3.3). In sharp contrast, the oxidation of thiophenol with 

5′ using tert-butylhydroperoxide (TBHP) as an oxidant resulted in 65% conversion after 12 h in 

acetonitrile (entry 2, Table 3.3). On the other hand, the oxidation of thiophenol using molecular 

oxygen afforded 22% conversion (entry 3, Table 3.3) in acetonitrile under the same conditions. 

 

5′
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Interestingly, the aerobic oxidation of thiophenol afforded quantitative conversion to the 

corresponding 1,2-diphenyldisulfide in the presence of 5′ as a catalyst in methanol (entry 4, Table 

3.3) after 12 h. The time-conversion curve for the oxidation of thiophenol by employing 5′ 

(catalyst) and molecular oxygen is shown in Figure 3.16. Under similar conditions, the oxidation 

of thiophenol using catalyst 5′ and molecular oxygen in the presence of pyridine significantly 

reduced the conversion of thiophenol to 27% (entry 5, Table 3.3). This experiment clearly 

demonstrates the negative role of pyridine by acting as a catalyst poison through coordination with 

the Lewis acid sites, thus inhibiting the coordination of thiophenol with cerium ions. It has already 

been reported that the ceric ammonium nitrate (CAN) ion is highly effective in the catalytic 

oxidation of thiols and thioethers utilizing molecular oxygen.40 In this context, a control 

experiment in the presence of CAN was performed and the observed results are given in Table 3.3. 

It is clear from these data that the reaction proceeds in the presence of CAN; however, it could not 

reach completion because of the absence of adequate Ce(IV) ions in the reaction medium (entry 6, 

Table 3.3). In contrast, the reaction in the presence of 5′ resulted in complete conversion due to 

the presence of a sufficient amount of Ce(IV) ions as active sites in the framework, thus proving 

the merit of heterogeneity. 

 

Table 3.3 Oxidation of thiophenol to 1,2-diphenyldisulfide in the presence of 5′ under various 

conditions.a 

Sl. No. Catalyst  
(mg) 

Oxidant  Solvent  
 

Conversion (%) 

1 --- O2 CH3OH 9 

2b 20 TBHP  CH3CN 65 

3 20 O2 CH3CN 22 

4 20 O2 CH3OH 100 

5c 20  O2  CH3OH 27 

6d 27 O2  CH3OH 68 

7 run-1 O2 CH3OH 100 

8 run-2 O2 CH3OH 98 

9 run-3 O2 CH3OH 97 

10 run-4 O2 CH3OH 96 

a Reaction conditions: thiophenol (1 mmol), solvent (2 mL), 5′ (20 mg), 70 °C, 12 h.  
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b with 1 mmol TBHP. 

c with 1 mmol pyridine. 

d with CAN. 

 

 

Figure 3.16 Hot filtration experiment for the aerobic oxidation of thiophenol (a) with and (b) 

without 5′. Reaction conditions: thiophenol (1 mmol), CH3OH (2 mL), 5′ (20 mg), 70 °C. 

 

A hot filtration experiment was performed in order to verify the heterogeneity of the 

reaction. Therefore, the oxidation of thiophenol was carried out in the presence of 5′ and molecular 

oxygen under the optimum reaction conditions. The catalyst 5′ was filtered off after 2 h and the 

reaction was prolonged with the supernatant liquid for another 10 h. The results obtained from 

these experiments are shown in Figure 3.16. These results confirm the heterogeneity of the 

oxidation catalysis reaction. However, there was marginal enhancement in the conversion of 

thiophenol after removal of the catalyst, which is indicative of the contribution from the blank 

control. In addition, the recyclability of 5′ for the oxidation of thiophenol with molecular oxygen 

was examined under the optimized reaction conditions. The conversion of thiophenol observed in 

the 1st, 2nd, 3rd and 4th cycles after 12 h corresponded to 100%, 98%, 97% and 96%, respectively 

(entry 7-10, Table 3.3).  
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Table 3.4 Oxidation of various thiophenols in the presence of 5′ and molecular oxygen.a 

Sl. 

No. 

Thiol Disulfide Yield 

(%)b 

1 

  

100 

2  

 

 

 

71 

3   

 
 

 

 

97 

4  

 
 

 

 

59 

5  

 
 

 

 

87 

6  

 
 

 

 

82 

7  

 
 

 

 

91 

8  

 

 

 

26 

a Reaction conditions: Thiol (1 mmol), 5′ (20 mg), methanol (2 mL), 

70 °C, 12 h, molecular oxygen. 

b Deduced by GC employing external standard method.  
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The encouraging results concerning the aerobic oxidation of thiophenol using 5′ as a 

catalyst prompted us to explore the versatility of this catalyst with substituted thiophenols. The 

results of these experiments are summarized in Table 3.4. Thiophenols with electron donating 

substituents such as amino, methyl and methoxy at 2-, 4- and 4-positions exhibited the respective 

disulfides in 71, 97 and 59% yields after 12 h (entries 2-4, Table 3.4). On the other hand, 

thiophenols containing electron withdrawing groups like fluoro, chloro and bromo at 2, 3- and 4-

positions resulted in 87, 91 and 82% yields of the corresponding disulfides (entries 5-7, Table 3.4). 

Similarly, cyclohexanethiol gave 26% yield of the corresponding disulfide under identical 

conditions (entry 8, Table 3.4). Furthermore, the crystallinity of the catalyst recovered after the 4th 

cycle was very similar to that of the fresh 5′, as corroborated by the corresponding XRPD patterns 

(Figure 3.17). The structural robustness of the MOF catalyst during the catalytic cycles was 

confirmed by these experiments.  

 

 

Figure 3.17 XRPD patterns of 5′ before and after catalytic oxidation of thiophenol. 

 

3.4 Conclusions 

We have successfully synthesized a cerium-based MOF material (5) incorporating 3,4-

dimethylthieno[2,3-b]thiophene-2,5- dicarboxylic acid as a ligand under solvothermal conditions. 

To ensure the phase purity of the material, a comprehensive characterization study was carried out 

by employing methods like XRPD, XPS, FT-IR spectroscopy, TG and N2 sorption experiments. 
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According to the N2 sorption experiments, 5′ exhibited a large specific BET surface area (1020 m2 

g−1). As gleaned from the XRPD measurements, the material displayed high structural robustness 

in water, 1 M HCl and acetic acid. Remarkably, the compound showed intrinsic oxidase-

mimicking catalytic activity due to the existence of redox-active cerium atoms in the framework. 

The excellent oxidase-like catalytic properties of the material were demonstrated by employing 

typical chromogenic peroxidase substrates: TMB and AzBTS. The oxidase-mimicking activity of 

5′ allowed us to establish a colorimetric sensing platform for biothiols in NaAc buffer (0.2 M, pH 

= 4). In addition, the MOF displayed a sensing ability towards cysteine in human blood plasma. 

Owing to the existence of framework Ce(III)/ Ce(IV) sites, significant heterogeneous catalytic 

performance of 5′ was observed in the oxidation of thiol compounds using molecular oxygen. The 

MOF material is reusable, both as a heterogeneous catalyst and a colorimetric biosensor. 

Moreover, the compound is highly stable, low-cost and recyclable. These features along with high 

biomimetic and heterogeneous catalytic activities make the present compound suitable for 

biological sample analysis, medical diagnostics as well as for industrial oxidation catalysis. 
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Chapter 4 

 

 

 

A dinitro-functionalized Zr(IV)-based metal-organic 

framework as colorimetric and fluorogenic probe for 

highly selective detection of hydrogen sulphide 

 

This chapter describes the synthesis, characterization of dinitro-functionalized Zr(IV)-based DUT-

52-(NO2)2 MOF (DUT = Dresden University of Technology). The activated material acts as a 

colorimetric and fluorogenic turn-on probe for the sensing of H2S under physiological conditions 

(HEPES buffer, pH = 7.4, temperature = 37 °C). The reduction of nitro functional group by H2S 

to amine functional group is responsible for turn-on sensing. Remarkably, the compound exhibited 

visually detectable colorimetric and fluorogenic responses towards H2S under day light as well as 

under UV irradiation. In addition, the probe could be used for the detection of H2S in human blood 

plasma and as well as living cells. 
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4.1 Introduction 

Hydrogen sulfide (H2S) has a unpleasant rotten egg smell and is considered as a toxic gas.1 

It is released from geothermal, anthropogenic and biological sources and exerts harmful effects to 

both human beings and the environment.2 It has been recently recognized as one of the three 

important biosynthetic gasotransmitters including nitric oxide (NO) and carbon monoxide (CO).3-

5 Thus, H2S can function as a signal transmitter in living organisms.6,7 This gas, which is 

endogenously generated by enzymes, is engaged in regulating a variety of important genes.8-10 In 

various living organisms, H2S is used for immune response, signal transduction and energy 

production.11-15 It is also involved in various other physiological processes like regulation of blood 

pressure, neurotransmission, anti-inflammatory action, angiogenesis, anti-oxidation and 

apoptosis.16-21 The H2S concentration in biological systems varies from tens of nanomoles to 

hundreds of micromoles per liter.22 The abnormal levels of produced H2S in human body can cause 

numerous pathological processes such as Alzheimer’s disease,23 diabetic complications,24 liver 

cirrhosis,25 Down’s syndrome26 and cancer.27 In the diagnosis and treatment of these diseases, H2S 

is a potential target. Owing to its considerable role in biological systems, the detection as well as 

controlling the levels of H2S in highly demanding for investigating and better understanding of its 

physiological and pathological functions. 

Several conventional detection techniques such as gas chromatography,22 high 

performance liquid chromatography,28,29 electrochemical analysis,30 colorimetry31,32 and 

metal-induced sulphide precipitation33 have been employed so far for detecting the H2S level 

(Table 4.1). However, these detection methods are not suitable for the real-time detection 

because of the complicated instrumentation, lack of portability, highly reactive and diffusible 

characteristics of H2S. The in-situ detection of H2S in living biosamples by using these 

techniques requires post-mortem and destruction of tissues or cells,34,35 which restricts their 

use. On the other hand, fluorescence based detection techniques provide several advantages 

over other methods due to their simplicity, high selectivity and sensitivity, short response time, 

non-destructive characteristics, great temporal and spatial sampling capability, real-time 

monitoring and easy sample processing.36,37 Since the detection takes place relative to dark 

background, fluorescent turn-on probes are able to avoid incorrect response and enhance signal 

to noise ratio.13 An ideal luminescent probe should feature turn-on behaviour, rapid response 

time, high sensitivity and excellent selectivity over competing biochemical species.34,35 
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Numerous fluorescent turn-on probes for the sensing of H2S have been reported (Table 4.1) so 

far in the literature.10,34,38-51 Nevertheless, combining all the above-mentioned advantages in 

one fluorescent probe has still remained a challenging task. Therefore, the design and synthesis 

of fluorescence probes for the detection of endogenous H2S are attracting immense research 

interests in recent years. 

 

Table 4.1 Comparison of the various existing materials and methods for the sensing of H2S. 

Sl. 

No. 

 Sensor 

Material  

Type of 

Material  

 

Method Used Response 

Time (s) 

Detection  

Limit  

Analyte 

Used 

Ref. 

1  Zr-DUT-52-

(NO2)2 

MOF fluorescence 3300 20.0 µM Na2S this 

work 

2  Ce-UiO-66-N3 MOF fluorescence 760 12.2 µM  NaHS 52 

3  Ce-UiO-66-

NO2 

MOF fluorescence 760 34.84 µM  NaHS 53 

4  Zr-UiO-66-N3 MOF fluorescence 180 176.7 µM  NaHS 54 

5  Zr-UiO-66-

NO2 

MOF fluorescence 480 95.4 µM  NaHS 54 

6  IRMOF-3-N3 MOF fluorescence < 120 28.3 µM  NaHS 55 

7  Zr-UiO-66-N3 MOF fluorescence 180 118 µM  Na2S 56 

8  Zr-UiO-66-

NO2 

MOF fluorescence ≈ 460 188 µM  Na2S 56 

9  Al-TCPP-Cu MOF fluorescence - - NaHS 49 

10  Al-MIL-101-

N3 

MOF fluorescence - 100 µM 

(UV) 

Na2S 57 

11  Eu3+/Cu2+@Ui

O-66-(COOH)2 

MOF fluorescence 30 5.45 µM NaHS 58 

12  Fe-MIL-88-

NH2 

MOF fluorescence ≈ 360 10 µM NaHS 59 

13  Zn3(BTC)2·12

H2O, ZIF-8 

MOF cataluminesc

ence 

0.3, 0.1 4.4 ppm, 

3.0 ppm 

H2S 60 

14  fum-fcu-MOF MOF capacitance - 5.4 ppb H2S 61 

15  NHS1 organic 

molecule 

fluorescence 4800 0.02 µM NaHS  62 

16  Cy-N3 organic 

molecule 

fluorescence 1200 0.08 µM  NaHS 63 
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17  SFP-1, 

SFP-2 

organic 

molecule 

fluorescence 7200, 

14400 

- Na2S 64 

18  WSP5 organic 

molecule 

fluorescence - 0.047 µM NaHS 65 

19  SF4 organic 

molecule 

fluorescence - 0.125 µM NaHS 11 

20  SHS-M1,  

SHS-M2 

organic 

molecule 

fluorescence - 0.2 µM,  

0.4 µM 

Na2S 66 

21  probe 1 organic 

molecule 

fluorescence ≈ 3600 2.4 µM NaHS 67 

22  PSS-PA-Cu 

NC aggregates 

Nanoclus-

ter  

fluorescence - 0.65 µM  Na2S 68 

23  bare gold NPs Nanopart-

icles 

UV-vis 

spectroscopy 

- 0.08 µM Na2S 69 

24  ZnO rods Semicon-

ducting 

oxide 

conductivity 

impedance 

- 50 ppb H2S 70 

25  CuO-BSST semicondu

cting 

oxide 

conductivity 

impedance 

10 4-10 ppb H2S 71 

26  In2O3 whiskers semicondu

cting 

oxide 

conductivity 

impedance 

120-210 200 ppb H2S 72 

27  Nafion 

membrane 

(H2SO4 

treated) 

solid 

polymer 

electrolyte 

amperometry 9 100 ppb H2S 73 

28  polyaniline 

nanowires-gold 

nanoparticles 

conductin

g polymer 

conductivity 

impedance 

<120 0.1 ppb H2S 74 

29  polymer P1 semicondu

cting 

polymer 

conductivity 

impedance 

- 1 ppb H2S 75 

30  WO3 film on a 

single LiNbO3 

substrate 

surface 

acoustic 

wave 

oscillation 

frequency 

100 <10 ppb H2S 76 

31  QCM coated 

with PPy/TiO2 

film  

quartz-

crystal 

microbala

nce  

frequency 

shift 

- 10 ppm H2S 77 

 

Metal-organic frameworks (MOFs)78,79 have shown tremendous potentials in the field of 

fluorescence-based detection of various analytes80 due to their outstanding chemical stability, 
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tuneable pore sizes and functionalities and possibility for pre/post-synthetic modification. Thus, 

MOF-based fluorescent sensor materials could be developed for the fast, cost-effective, selective 

and sensitive detection as well as real-time monitoring of H2S in living biosystems. Until today, 

only a few MOF compounds have been reported (Table 4.1) to exhibit fluorescence turn-on 

properties towards H2S.10,39, 40, 49-51 Based on the sensing mechanisms, they can be categorized into 

four types: (i) H2S-promoted reduction of azide/nitro functional groups into amines leads to 

fluorescence turn-on state from initial turn-off state39,40,51,51 (ii) coordination of auxochromic H2S 

molecules with central Pb(II) ions in two Pb(II)-based MOFs results in enhancement of the 

fluorescence intensity81,82 (iii) Al-Cu mixed-metal MOF containing porphyrin-based ligand has 

shown fluorescence turn-on behaviour towards H2S due to removal of Cu2+ ions as CuS with 

concomitant release of the fluorescent MOF,49 and (iv) fluorescence turn-on response has been 

observed when the α,β-unsaturated malonitrile units in malonitrile-functionalized ZIF-90 have 

undergone cleavage of the double bonds in presence of thiol compounds.10 Although mononitro-

functionalized Zr(IV) and Ce(IV) based MOF materials have been previously employed39,51 for 

the sensing of H2S, the fluorescence turn-on behaviour of any dinitro-functionalized MOF towards 

H2S has not been reported until now. Moreover, the visual detection of H2S under ambient 

conditions has not been achieved so far by any MOF material. In this work, we have explored the 

potential of the dinitro-functionalized Zr(IV)-based MOF compound called DUT-52-(NO2)2 (6, 

DUT = Dresden University of Technology) as colorimetric and fluorogenic probe for the detection 

of H2S (Scheme 4.1) under physiological conditions (HEPES buffer, pH = 7.4, temperature = 37 

°C). We have used Na2S as the source of H2S in the present investigation. It is noteworthy that the 

CO2 sorption and separation ability of the DUT-52-(NO2)2 material has been very recently 

reported81 but its H2S sensing properties have not been examined. We have prepared this 

compound by a completely different procedure and thoroughly investigated its luminescence turn-

on behaviour towards H2S.   
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Scheme 4.1 Sensing of H2S sensing by 6′ under physiological conditions (HEPES buffer, pH = 

7.4, temperature = 37 °C) through fluorescence turn-on mechanism. 

 

4.2 Experimental 

4.2.1 Materials and physical measurements  

The H2NDC-(NO2)2 ligand was synthesized as described previously.82 All other starting 

materials were of reagent grade and used as received from the commercial suppliers. Fourier 

transform infrared (FT-IR) spectra were recorded in the region of 440-4000 cm−1 with a Perkin 

Elmer Spectrum Two FT-IR spectrometer. The following indications are used to characterize 

absorption bands: very strong (vs), strong (s), medium (m), weak(w), shoulder (sh) and broad (br). 

Elemental analyses (C, H, N) were performed on a Thermo Scientific Flash 2000 CHNS-O 

analyzer equipped with a TCD detector. Thermogravimetric analysis (TGA) was carried out with 

a Netzsch STA-409CD thermal analyzer in a temperature range of 25-600 °C under air atmosphere 

ata heating rate of 5 °C min−1. Ambient temperature X-Ray powder diffraction (XRPD) patterns 

were recorded on a Bruker D2 Phaser X-ray diffractometer (30 kV, 10 mA) using Cu-Kα (λ = 

1.5406 Å) radiation. Fluorescence emission investigations were performed with a HORIBA 

JOBIN YVON Fluoromax-4 spectrofluorometer. The nitrogen sorption isotherms up to 1 bar were 

measured using a Quantachrome Autosorb iQ-MP gas sorption analyzer at −196 °C. The 

compound was degassed at 190 °C under vacuum for 8 h before the sorption measurement. 

 

4.2.2 Synthesis of [Zr6O4(OH)4(NDC-(NO2)2)6]·6H2O·6DMF(DUT-52-(NO2)2) (6) 

A mixture of ZrCl4 (50 mg, 0.22 mmol) and H2NDC-(NO2)2 ligand (66 mg, 0.22 mmol) 

was placed in a glass tube. The mixture was dissolved in 3 mL of DMF by sonication inside the 

TH-2006_146122002



Chapter 4 
 

121 
 

tube and then acetic acid (386 µL, 6.45 mmol) was added to it. The tube containing the reaction 

mixture was tightly sealed and heated in a block heater at 130 °C for 24 h. After cooling down to 

room temperature, the precipitate was collected by filtration, washed several times with acetone 

and dried at 60 °C in an oven. The yield was 90 mg (0.03 mmol, 82%). Elemental analysis calcd. 

for C90H82N18O68Zr6 (3051.03 g mol−1): C 35.42, H 2.70, N 8.26; found: C 35.31, H 2.45,N 8.37%. 

FT-IR (KBr, cm−1): 3401 (br), 3079 (w), 2926 (w), 1662 (m),1627 (sh), 1592 (s), 1530 (s), 1417 

(vs), 1355 (s), 1208 (w), 1104 (w),1020 (w), 922 (w), 894 (w), 782 (m), 748 (sh), 720 (m), 656 

(s), 468(m). 

 

4.2.3 Activation of the as-synthesized 6 

For the removal of the guest molecules encapsulated within the pores, the as-synthesized 

form of 6 was directly heated at 190 °C under dynamic vacuum for 8 h. The thermally activated 

form of the compound is denoted as 6′ hereafter. 

 

4.2.4 Preparation of the medium for fluorescence sensing experiments in HEPES buffer 

All the fluorescence titration experiments were carried out under physiological conditions 

(HEPES buffer, pH = 7.4). HEPES (0.24 g) was dissolved in 100 mL of deionized water. Then, an 

appropriate amount of 0.5 (N) NaOH solution was added to this solution in order to maintain a pH 

of 7.4. 

 

4.2.5 Fluorescence sensing experiments in HEPES buffer 

For all the fluorescence titration measurements, 0.5 mg of 6′ (1.24 µM for two -NO2 

groups) was suspended in 2 mL of HEPES buffer (pH = 7.4) in a quartz cuvette and the temperature 

of the cuvette was maintained at 37 °C. Fluorescence emission was monitored at 474 nm, using an 

excitation wavelength of 390 nm. For time-dependent fluorescence titration experiments, 24 mmol 

of Na2S (10 equiv. per NO2group) was added to the suspension of 6′ and fluorescence spectra were 

recorded at a regular time interval of 5 min up to 90 min. In case of concentration-dependent 

fluorescence titration measurements, 0 to 12 mmol of Na2S were added to the suspension of 6′ and 

fluorescence spectra were measured. Similar experiments were carried out by replacing Na2S with 

other competing analytes like alanine, cysteine, serine, glutathione, NaCl, NaBr, NaI, NaNO2 and 
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NaNO3. Another set of fluorescence titration experiments were performed by adding 24 mmol of 

Na2S to the suspension of 6′ containing the competing analytes.  

 

4.2.6 Fluorescence sensing experiments in human blood plasma 

Human blood (5 mL) was collected from the left arm vain under aseptic conditions in a 

tube containing ethylenediaaminetetraacetic acid (EDTA). The blood was then centrifuged at 3000 

rpm for 5 min to separate the plasma. The supernatant plasma was collected and used for the 

subsequent experiments. The detection of H2S in human blood plasma (HBP) was carried out by 

using Na2S as an internal standard. In four micro centrifuge tubes, 160 µL of HBP and 20 µL of 

ZnCl2 (final concentration = 1 mM) were added, and 20 µL of Na2S (final concentrations of 0.0, 

0.5, 5.0, 50.0 µM) was spiked. Then, the mixture was incubated at 37 °C for 5 min. After the 

incubation, 200 µL of 60% (v/v) acetonitrile was added to this mixture to precipitate the proteins. 

Afterwards, the mixture was centrifuged at 6000 rpm for 5 min to separate the proteins. The 

supenatent solution was used further for the detection of H2S in HEPES buffer. 100 µL of HBP 

was added to suspension of 6′ (final concentration = 150 µg/mL) in HEPES buffer. This mixture 

was incubated at 37 °C for 1 h. After the incubation, fluorescence emission spectra were recorded 

(λex = 390 nm, λem = 474 nm). 

 

4.2.7 Macrophage cell culture 

Mouse macrophage J774A.1 cells were cultured in Dulbecco’s modified eagle’s medium 

(DMEM) supplemented with 10% fetal bovine serum (FBS) and 1% penicillin-streptomycin 

antibiotic (100 units/ml penicillin and 100 µg/ml streptomycin sulfate) in 100 mm2 cell culture 

dish and maintained as described previously.83 

 

4.2.8 Testing toxicity of 6′ in proliferating cells 

Toxicity of 6′ was assessed in proliferating macrophage J774A.1cells as described earlier.83 

Briefly, macrophage J774A.1 cells were treated with different concentrations of 6′ (0-30 µM) for 

12 hat 37 °C in DMEM-high glucose (DMEM-HG) complete media. Cells were washed gently 

with phosphate buffer saline (PBS) and MTT reduction assay was used to measure the cell 

viability.84 Untreated macrophage cells were considered as 100% viable. 
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4.2.9 Cell imaging experiments 

Twenty thousand macrophage J774A.1 cells were incubated with 20 µM probe for 12 h at 

37 °C in a 96-well cell culture dish. Cells were gently washed to remove the excess probe present 

in the media, and then treated with Na2S (5 µM) and ZnCl2 (1 mM) for12 h to generate H2S gas 

inside the cells. Post treatment, incomplete media was replaced with PBS and cells were observed 

with Cytell cell imaging system (GE healthcare) in blue channel (λex = 385 nm; λem = 431 nm) and 

bright light. A total of 10 random fields were selected and captured. 

 

4.3 Results and discussion 

4.3.1 Synthesis and characterization 

6 was synthesized under solvothermal conditions (130 °C, 24 h) by using ZrCl4 as the metal 

source and acetic acid as the modulator in DMF. The ZrCl4/H2NDC-(NO2)2 ligand/acetic acid 

molar ratio was maintained at 1:1:30. It is worthy to note that the reported Zr-NDC-2NO2 materials 

was prepared by heating a mixture of ZrCl4, H2NDC-(NO2)2 ligand and benzoic acid (molar ratio 

= 1:1:15) in DMF at 120 °C for 48 h.81 Under the reported synthesis conditions, we obtained the 

material having slightly lower crystallinity than that of 6. In order to check the reproducibility in 

the synthesis of the MOF, reactions were performed in five different batch using the optimum 

synthesis conditions. The XRPD patterns (Figure 4.1a) of the materials from all the batches were 

very similar and revealed that all the samples were highly crystalline in nature. These results 

confirmed the reproducibility of the optimum synthesis conditions for the MOF. Moreover, the 

storage of the material under ambient conditions for two weeks did not affect its crystallinity and 

hence structural integrity. The as-synthesized sample of 6 encapsulates occluded H2O and DMF 

molecules inside the pores. These guest molecules were removed by heating the as-synthesized 

compound directly under vacuum at 190 °C for 8 h. Both the as-synthesized and thermally 

activated form of the material exhibit similar XRPD patterns (Figure 4.1b) thus confirming the 

structural integrity of the compound after the thermal activation process.  
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Figure 4.1 (a) XRPD patterns of 6′ showing batch-to-batch reproducibility of its optimum 

synthesis conditions. (b) Calculated XRPD pattern of DUT-52 and experimental XRPD pattern of 

as-synthesized and activated 6. 

 

The FT-IR spectra (Figure 4.2) of the as-synthesized and thermally activated sample of 6 

display strong absorption bands in the regions 1590-1620 and 1415-1425 cm−1, which can be 

assigned to the asymmetric and symmetric CO2 stretching vibrations of the coordinated NDC-

(NO2)2 ligands, respectively.51,85-93 In both the FT-IR spectra, the strong absorption band at around 

1530 cm−1can be attributed to the asymmetric N=O stretching vibration of the NO2 groups attached 

with the coordinated ligands.94 The carbonyl stretching vibration of the occluded DMF molecules 

gives rise to medium absorption band at 1655 cm−1 in the IR spectrum of as-synthesized 6. This 

absorption band is absent in the IR spectrum of thermally activated 6′, indicating complete 

activation of the compound.  

The experimental XRPD pattern of the as-synthesized sample of 6 is very similar with the 

simulated XRPD pattern of parent DUT-52 compound (Figure 4.2b). This similarity in XRPD 

patterns suggests that the framework structure of 6 is analogous with the unfunctionalized DUT-

5295 and structurally related materials.96,97 Thus, 6 bears a cubic framework structure. The structure 

of DUT-52 has been formerly described by Kaskel and co-workers.95 Similar as DUT-52, the cubic 

framework of the presented compound is composed of hexanuclear [Zr6O4(OH)4]12+ building units. 

These inorganic building blocks are further interconnected by the carboxylate groups of twelve 

NDC-(NO2)2 ligands, resulting in the formation of a 3D, cubic, microporous framework. The 
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network has larger octahedral (free diameter ∼9.3 Å) and smaller tetrahedral (free diameter ∼7.5 

Å) cages. The two types of cages are interconnected by narrow triangular windows (free diameter 

∼4.4 Å). 

 

 

Figure 4.2 FT-IR spectra of as-synthesized 6 (black) and activated (red) 6′. 

 

In order to prove the permanent microporosity, N2 adsorption experiment was carried out 

with the thermally activated 6′.The material displayed N2 adsorption isotherms of type-I (Figure 

4.3), which is a characteristic of microporous materials. The specific BET surface area and 

micropore volume of 6′, which were determined from the N2 adsorption isotherms, correspond to 

330 m2g−1 and 0.87 cm3g−1 (at p/p0 = 0.99), respectively. It is noteworthy that 6′ possesses lower 

specific BET surface area as compared to that of the reported Zr-NDC-2NO2 compound (812 

m2g−1).47 
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Figure 4.3 N2 adsorption and desorption isotherms of thermally activated 6′ recorded at –196 °C. 

 

4.3.2 Thermal and chemical stability 

For investigation of the thermal stability of 6 and 6′, thermogravimetric analyses were 

performed in an air atmosphere in the temperature range 25-600 °C. From the TG traces (Figure 

4.4a), it can be concluded that both 6 and 6′ are highly stable up to 340 °C. However, 6 possesses 

lower thermal stability as compared to un-functionalized DUT-5281 and structurally related 

materials.96,97 In the TG curve of 6, the first weight loss of 3.5 wt% in temperature range 25-140 

°C can be assigned to the removal of 6 occluded water molecules per formula unit (cald.: 3.5 wt%). 

The second weight loss of 17.8 wt% in temperature range 140-340 °C can be assigned to the 

removal of 6 guest DMF molecules per formula unit (cald.: 17.9 wt%). After 340 °C, the 

compound starts to decompose due to the removal of organic ligands from the framework. For 

checking the chemical stability of 6′, samples were stirred at room temperature for 4 h in different 

liquids such as water, 1M HCl and acetic acid. Then, the materials were collected by filtration and 

the crystallinity of the filtered solids was examined by XRPD experiments (Figure 4.4b). The 

crystallinity of 6′ remains unchanged after treatment with water, 1M HCl and acetic acid. Thus, 6′ 

retains its structural integrity when exposed to these liquids. Inspired by the considerable stability 
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of 6′ in water, HEPES buffer (pH = 7.4) was chosen as the medium for the H2S sensing 

experiments. 

 

 Figure 4.4 (a) TG curves of as-synthesized 6 and activated 6′ recorded in an air atmosphere in 

the temperature range of 25-600 °C with a heating rate of 5 °C min–1. (b) XRPD patterns of 6′ 

compound after treatment with water, acetic acid and 1M HCl. 

 

 

Figure 4.5 Fluorescence turn-on response of 6′ towards addition of Na2S at a regular time interval 

of 5 min up to 90 min. Time-dependence of the emission intensity (monitored at 474 nm) is shown 

in the inset. 
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4.3.3 Detection of H2S in HEPES buffer 

Owing to their non-toxicity and biocompatibility, the Zr-based MOF called UiO-66 have 

been formerly employed as a potential platform for drug delivery and imaging.98,99 Moreover, the 

rapid and selective H2S sensing ability of the mononitro-functionalized Zr-UiO-66-NO2 compound 

under physiological conditions has been documented in the literature.39 The presence of two nitro 

functional groups per H2NDC-(NO2)2 ligand completely quench the fluorescence of the 

naphthalene moiety in dinitro-functionalized Zr-based DUT-52 (Figure 4.5). The corresponding 

diamino-functionalized MOF compound, formed through H2S-mediated reduction, is expected to 

be more fluorescent than the dinitro-functionalized material. In this work, the potentiality of the 

dinitro-functionalized Zr-based DUT-52 compound has been examined as a turn-on fluorescence 

probe for the detection of H2S under physiological conditions (HEPES buffer, pH = 7.4, 

temperature = 37 °C). 

The detection capability of 6′ for H2S was investigated by performing fluorescence turn-

on experiments under physiological conditions. Na2S was used as a source of H2S in these 

experiments.100,101 The existence of two electron-withdrawing NO2 groups attached with each 

H2NDC-(NO2)2 ligand molecule results in weak fluorescence emissions for 6′, which remains in 

the fluorescence turn-off state before the addition of Na2S. Upon exposure of 6′ towards H2S, the 

electron-withdrawing NO2 groups are post-synthetically reduced to electron-donating amines. 

During the reaction-based sensing of H2S, the structural integrity of the framework of the material 

is retained. The fluorescence turn-on behaviour of 6′ upon excitation at 390 nm can be attributed 

to the formation of the strongly fluorescent amine-functionalized MOF compound. The electron-

donating amine groups push the electron density towards the naphthalene ring of the ligand 

molecule and thus 6′ is converted to the fluorescence turn-on state after treatment with Na2S.102,103 

In order to investigate the fluorescence turn-on response of 6′ towards H2S, the 

fluorescence spectra were measured at a regular time interval of 5 min after addition of 24 mM of 

Na2S to the suspension of the material in HEPES buffer (10 mM, pH = 7.4) at 37 °C. Upon the 

addition of Na2S, the fluorescence emission (monitored at 474 nm) intensity increased nearly 12-

fold after 5 min (Figure 4.5). The fluorescence emission intensity of 6′ became saturated after 55 

min of addition of Na2S with 68-fold increment in fluorescence intensity and development of a 

brownish color. The results of the time-dependent fluorescence titration experiments demonstrate 
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that 6′ is a promising luminescent sensor material for the real-time detection of H2S. Note worthily, 

the response time of 6′ towards H2S is much slower as compared to those of the formerly 

documented MOF-based H2S sensor probes.10,39,4049,50 Nevertheless, the fold increment of the 

fluorescence emission intensity of the presented material upon addition of H2S is significantly 

higher as compared to the known MOF-based H2S sensor compounds.  

 

 

Figure 4.6 Fluorescence turn-on response of 6′ (0.04 M) monitored at 474 nm in presence of a 

competing analyte, followed by addition of 12 mM Na2S solution to the solution containing the 

analyte (HEPES buffer, pH = 7.4, temperature = 37 °C). The emission intensities were recorded 

after 60 min of analyte addition. 

 

The real-world application of a fluorescence turn-on probe in biological systems requires 

high selectivity towards the target analyte molecule over other potentially competing 

biomolecules. For evaluating the selectivity of 6′ towards H2S over other possibly interfering 

biomolecules commonly present in biological system (like alanine, serine, cysteine and 

glutathione) and few common biological anions (like NaCl, NaBr, NaI, NaNO2 and NaNO3), the 

fluorescence responses of the probe were recorded in presence of these potentially competing 

biological species under physiological conditions (HEPES buffer, pH = 7.4, temperature = 37 °C). 

The inorganic salts and organic compounds were chosen based of the facts that they have 
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physiological significance and can be found in complex biological systems along with sulphide 

ion. It was observed that the fluorescence emission intensity of 6′ was affected negligibly by the 

addition of the potentially competing biological molecules and anions to the suspension of the 

compound. The results of these experiments revealed that the probe is highly selective towards 

H2S over common reducing biological anions and biomolecules.  

 

 Figure 4.7 Fluorescence response of 6′ towards H2S in presence of glutathione and ZnCl2. 

 

The effective detection of H2S in complicated biological systems necessitates an efficient 

fluorescence turn-on response of the sensor probe in presence of other potentially interfering 

biochemical species. Hence, we have investigated the selective fluorescence turn-on response of 

6′ towards H2S in presence of other possibly competing analytes. For this purpose, 24 mM Na2S 

was first added to the suspension of 6′ in HEPES buffer (10 mM, pH = 7.4), which also contained 

the interfering analyte. After 60 min of the addition of Na2S, the fluorescence emission spectra 

were measured. Even in the existence of other possibly competing biomolecules, the observed 

fluorescence turn-on response of 6′ towards H2S was considerably high (Figure 4.6). Among the 

potentially interfering analytes, glutathione, iodide and nitrite exhibited noticeable interferences 

in the detection of H2S. The lowest luminescence turn-on response of 6′ towards H2S was noticed 

in the presence of glutathione, which exerted a negative effect on the fluorescence response of the 

sensor probe for H2S. It is known that glutathione has strong reducing behavior and can react with 
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nitro functional groups.104-106 For example, the aristolochic acid undergoes hydrogenolysis 

reaction in presence of glutathione, where the aromatic nitro group is replaced by a hydrogen 

atom.107 Since 6′ contains nitro functional groups, glutathione can be expected to react with these 

functional groups. This probable reaction can be accounted for the lower fluorescence turn-on 

response of 6′ towards Na2S in presence of glutathione. To minimize the interference of 

glutathione, 6′ was treated with glutathione in presence of equivalent amount of ZnCl2. Since Zn2+ 

ion has affinity to bind with glutathione by soft-soft interactions,108,109 it is expected that Zn2+ ion 

will bind with the free thiol group of glutathione and thus prevent interactions with the nitro groups 

of 6′. Interestingly, in presence of ZnCl2, glutathione showed a negligible interference in the H2S 

sensing ability of 6′ (Figure 4.7). The iodide ion also showed considerable interference in 

fluorescence turn-on behavior of 6′ towards H2S, which can be attributed to the fact that it is a 

well-known fluorescence quencher.110 Along the same line, the probe suffered strong interference 

from the nitrite ion during the H2S sensing experiment. A large number of studies have disclosed 

that nitrite can be reduced in vivo, either non-enzymatically or enzymatically, which is catalyzed 

in presence of sulphide.111 For this reason, nitrite is used as an antidote for H2S poisoning.112 

Therefore, the consumption of sulphide by nitrite may occur during the long incubation period, 

which may exert detrimental effect during the H2S sensing event.  

In order to quantify the fluorescence turn-on responses of 6′ towards H2S, fluorescence 

titration experiments were performed with various concentrations of Na2S (0-12 mM). The 

fluorescence emission intensity (Figure 4.8a) of the material increased progressively as a result of 

the gradual addition of Na2S. The corresponding naked-eye colorimetric responses of 6′ towards 

H2S under daylight and under UV radiation are shown in Figure 4.8b and 4.8c, respectively. These 

visually detectable responses demonstrate that 6′ is an excellent colorimetric and fluorogenic probe 

for the highly selective sensing of H2S under physiological conditions. Remarkably, the structural 

integrity of the compound is retained after the H2S sensing experiments.10 This fact has been 

verified by the XRPD experiments (Figure 4.9). 
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Figure 4.8 (a) Fluorescence turn-on response of 6′ (0.04 M) with increasing concentrations of 

Na2S. Concentration-dependence of the emission intensity (monitored at 474 nm) is shown in the 

inset. The corresponding naked-eye colorimetric responses of 6′ towards H2S under (b) day light 

and (c) UV light are also displayed. 

 

 

Figure 4.9 XRPD patterns of 6′ before (a) and after (b) the H2S sensing experiments. 
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4.3.4 Validation of the analytical method for the detection of H2S in HEPES buffer 

Table 4.2 Analytical parameters for the fluorimetric detection of H2S by 6′. 

Concen-

tration 

range 

(µM) 

Regression 

equation  

Correlation 

Coefficient 

(R2)  

RSSa Sy/x
b 

 

Slope LODc 

(µM) 

LOQd 

(µM) 

Intraday Precision Interday Precision 
Founde 

(Mean ± 

RSD)  

Recoveryf 

(%) 
Founde 

(Mean 

± RS) 

Recoveryf 

(%) 

100-700  1.74x+6.29

×106  

0.9949 3.59 

×107  

119

8.33 

1.75 

×108 

20.0 

 

68.9 

 

200.6 

± 2.07 

100.3 195.2 

± 6.5 

97.5  

a Residual sum of squares 

b Standard deviation of the residuals 

c Limit of detection, 3RSD/slope 

d Limit of quantification, 10RSD/slope 

e Spiked concentration (200 µM) 

f (Mean measured concentration/spiked concentration) ×100 

 

 

 

Figure 4.10 Change in the fluorescence intensity of 6′ in HEPES buffer as a function of Na2S 

concentration. 
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The presented analytical method for the H2S sensing was validated in terms of linearity, 

limits of detection (LOD) and limits of quantification (LOQ). The calibration curve was obtained 

by plotting the fluorescence intensity of 6′ as a function of different concentrations (in the range 

of 100-700 µM) of Na2S under the optimum conditions. The plot of the fluorescence intensity of 

6′ versus the concentration of Na2S disclosed a linear relationship (Figure 4.10). The analytical 

parameters related to this plot are summarized in Table 4.2. The LODs and LOQs for the detection 

of H2S were calculated at a signal-to-noise (S/N) ratio of 3 and 10. The LOD of 6′ towards H2S 

has been estimated to be 20 µM. The calculated LOD of the material for H2S lies within the range 

of H2S concentration observed in the biological systems.13,15 The LOD of 6′ is in agreement with 

those of the existing MOF-based H2S sensor probes.10,39,59-61 Quantitative analysis was carried out 

by the external standard method. The accuracy of the method was estimated by the recovery 

experiment, which was performed by adding a known amount of analyte solution to the probe. For 

determining the reproducibility and precision of the developed method, spiked samples were 

analyzed and the results were expressed in terms of relative standard deviation (RSD). Intra-day 

precision was determined by measuring a sample with spiked standard of 200 μM with five 

replicates in the same day, and inter-day precision was obtained by analyzing the sample in five 

different days. 

 

 

Figure 4.11 Change in the fluorescence intensity of 6′ in presence of human blood plasma, where 

Na2S was spiked as an internal standard. 
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4.3.5 Detection of H2S in human blood plasma 

In order to establish the utility of 6′ in biological systems, the H2S sensing experiments 

were performed in presence of human blood plasma (HBP). Na2S was spiked as an internal 

standard.113 6′ was treated with four different concentrations of Na2S (0.0, 0.5, 5.0, 50.0 µM) and 

the fluorescence emission intensity were recorded. The plot of emission intensity of 6′ versus 

sulphide concentration (Figure 4.11) revealed that a slight increment in the sulphide concentration 

(0.5 µM) in HBP can be detected by 6′. 

 

 

Figure 4.12 Sensing of intracellular H2S by 6′ in macrophage J774A.1 cells. Macrophage J774A.1 

cells were loaded with 6′ and then cells were treated with Na2S/ZnCl2 (5 µM) at 37 °C for 12 h 

and observed with Cytell cell imaging system (GE-healthcare). Images of untreated macrophage 

J774A.1 cells: (a) bright-field image of cells in presence of 30 µM 6′; (b) observation of (a) in blue 

fluorescence channel; or Images of Na2S/ZnCl2 treated macrophage J774A.1 cells: (c) bright-field 

image of cells after treatment with Na2S; (d) observation of (c) in blue fluorescence channel. The 

treated cells are exhibiting bright fluorescence. 
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4.3.6 Detection of H2S in living cells 

For demonstrating the sensing ability of 6′ in biological media, cytotoxicity and cell 

imaging experiments were performed employing J774A.1 macrophage cell line. The macrophage 

J774A.1 is a rapid proliferating cells and treatment of these cells with different concentrations of 

6′ indicate that there is no significant loss of viability of cells. At 30 µM concentration of 6′, the 

cells exhibited 69.5 ± 2.9 viability. The cellular morphology is intact with no visible sign of cellular 

damage or membrane blebbing pattern (Figure 4.12a).  

For checking the ability of the probe to detect H2S in biological systems, cell imaging 

investigations were carried out using J774A.1 macrophage cell line. The macrophage cells were 

loaded with 30 µM 6′ and then intracellular H2S was generated by incubating the cells with a 

combination of Na2S and ZnCl2.114 The cells loaded with the probe alone showed good 

morphology but did not exhibit any fluorescence (Figure 4.12a–b). Compared to this, the cells 

treated with a combination of Na2S and ZnCl2 exhibited good morphology and bright fluorescence 

(Figure 4.12b–c). The current experiment proves the utility of 6′ in detecting H2S inside the cells. 

 

4.4 Conclusions 

We have successfully employed the dinitro-functionalized Zr(IV)-based DUT-52-(NO2)2 

MOF material as a colorimetric and fluorogenic turn-on probe for the sensing of H2S under 

physiological conditions (HEPES buffer, pH = 7.4, temperature = 37 °C). As confirmed by the 

steady-state fluorescence titration experiments, the MOF compound features significant 

capabilities for the highly selective and sensitive (detection limit: 20 µM) detection of H2S. In 

terms of fold-increase (68-fold at saturation) of the fluorescence emission intensity, the detection 

performance of the presented MOF material towards H2S is significantly higher as compared to 

the previously reported MOF-based H2S sensor probes. Remarkably, the compound exhibited 

visually detectable colorimetric and fluorogenic responses towards H2S under day light as well as 

under UV irradiation. In addition, the probe could be used for the detection of H2S in human blood 

plasma and as well as living cells. The unprecedented selectivity for detection of H2S even in the 

existence of other potentially competing biomolecules and anions in biological system makes the 

presented compound a potential candidate for the real-time monitoring of H2S in biological 

systems. 
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Chapter 5 

 

 

 

Fluorogenic naked-eye sensing and live-cell imaging of 

cyanide by a hydrazine-functionalized CAU-10 metal-

organic framework 

 

This chapter describes the synthesis and systematic characterization of a hydrazine-functionalized 

Al(III) MOF namely CAU-10-N2H3 (CAU = Christian-Albrechts-University). The activated MOF 

material is capable of sensing CN− ions even in the presence of other competitive anions present 

in water. The appearance of green fluorescence under UV light upon cyanide addition makes this 

material a naked-eye fluorescent sensor for CN− ions in aqueous medium. The live cell imaging 

experiments with non-toxic Al(III) MOF also establish that the MOF is capable of intracellular 

CN− ions 

 

CAU-10-N2H3

CN-

Turn-on detection in water Live cell imaging

CN-
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5.1 Introduction 

A large variety of fluorescent probes has been developed during the last twenty years for 

the sensing of anions. Among the common anions present in biological systems, the cyanide 

(CN−) anion is deadly towards living organisms.1 Cyanide induced inhibition of respiration, 

which is caused by strong cyanide binding at the heme unit of cytochrome c in its active site, 

leads to cytotoxic hypoxia and cellular asphyxiation.2 The WHO (World Health Organization) 

recommended that the tolerable concentration of cyanide for drinking water is only 1.9 μM.3,4 

Though a large number of fluorescent sensor materials have been investigated so far,5 their 

applications for real biological or medical purposes require the use of a pure aqueous medium. 

Unfortunately, the majority of conventional organic fluorescent molecules work in a mixed-

organic medium, which restricts their real-life applications.6,7 The detection of cyanide by 

fluorescent sensors in 100% aqueous medium is still rare.8,9 Hence, the development of new 

fluorescent sensors for CN− ions, which can work in a pure aqueous system, is still a challenging 

work for environmental or medical applications. 

 A large number of inorganic and organic fluorescent compounds have been developed to 

date for detecting different types of species.10,11 The combination of both inorganic and organic 

constituents makes the metal-organic framework (MOF) materials exceptional candidates in the 

area of fluorescence-based detection. Based on the great advantages of MOF materials, a large 

number of MOF materials have been examined as fluorescence-based sensors for gaseous, liquid 

and solid species.12-15 The main challenge of MOF materials for fluorescence sensing in an 

aqueous environment is their relatively low hydrolytic stability. Therefore, the smart design of 

water-stable MOFs is always desirable. Very recently, Ghosh et al. have reported fluorescence-

based cyanide sensing in aqueous medium by two MOF materials.16,17 Unfortunately, for these 

systems, either post-synthetic modification of the ligand or encapsulation of a reactive 

fluorescent probe is required for the cyanide sensing. A simple, single-step synthesis procedure 

would be desirable over a multi-step method for the synthesis of the target MOF probe.18 Taking 

into account the above-mentioned concerns, in this work we present the preparation of a 

hydrazine-functionalized Al(III) MOF with CAU-10 (CAU = Christian-Albrechts-University) 

topology19,20 called CAU-10-N2H3 (7). The activated (7′) material was employed for the 

fluorometric detection of lethal CN− ions in pure aqueous medium. The MOF material shows fast 

response, good selectivity and sensitivity towards the detection of CN− ions with naked-eye 
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visualization of the green fluorescence under a UV lamp. The probe can also detect CN− ions in 

water samples as well as in living cells. 

 
5.2 Experimental 

5.2.1 Materials and physical measurements 

All the reagent grade starting materials were obtained from commercial suppliers. Milli-

Q water was used as a medium in all the fluorescence titration experiments. A Perkin Elmer 

Spectrum Two FT-IR spectrometer was used to record Fourier transform infrared spectra in the 

range of 440-4000 cm−1. The following standard classifications were used to describe the FT-IR 

absorption bands: strong (s), medium (m), very strong (vs), broad (br), shoulder (sh) and weak 

(w). A Bruker D2 Phaser X-ray diffractometer working at 30 kV and 10 mA was utilized for the 

collection of X-ray powder diffraction (XRPD) patterns using Cu-Kα (λ = 1.5406 Å) radiation. A 

Mettler-Toledo TGA/SDTA 851e thermogravimetric analyzer was used to conduct 

thermogravimetric analyses in the temperature range of 25-600 °C with a heating rate of 5 °C 

min−1 under an air atmosphere. By employing a Quantachrome Autosorb iQMP gas sorption 

analyser, the nitrogen sorption experiments were accomplished at −196 °C, up to 1 bar. A 

Quantachrome iSorb-HP volumetric gas sorption analyser was applied for collecting the CO2 

adsorption isotherms (up to 1 bar) at 25 °C. Before the sorption analyses, the compounds were 

degassed at 100 °C overnight under dynamic vacuum. A HORIBA Jobin Yvon Fluoromax-4 

spectrofluorometer was used to collect all the fluorescence emission spectra. To perform 

fluorescence lifetime measurements, an Edinburgh Instruments Life-Spec II instrument was 

employed, which utilizes the time-correlated single-photon counting method. The FAST 

software of Edinburgh Instruments was used for the fluorescence decay analysis by a 

reconvolution method. 

 
5.2.2 Synthesis of the H2IPA-N2H3 ligand 

5-Aminoisophthalic acid (3.0 g, 0.016 mole) was suspended in 30 mL water/conc. HCl 

(2:1, v/v) mixture at 0 °C. An ice-cold solution (10 mL) of NaNO2 (0.69 g, 0.01 mole) was added 

to it and the mixture was stirred for 30 min. Then, a solution of SnCl2·2H2O (6.77 g, 0.03 mole) 

in conc. HCl (20 mL) was added slowly with vigorous stirring and the reaction mixture was 
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allowed to stir for an extra hour. The precipitate was filtered off, thoroughly washed with an 

excess amount of water and then dried at 60 °C in an oven for 6 h. The purification of the ligand 

was completed by column chromatography employing ethyl acetate as the eluent. Yield: 3.02 g 

(0.015 mole, 93%). 1H NMR (δ, ppm, 600 MHz, DMSO-d6): 8.76 (s, 1H, -NH), 8.05 (s, 1H, Ar-

H), 7.77 (s, 2H, Ar-H). 13C NMR (δ, ppm, 150 MHz, DMSO-d6): 166.87, 146.70, 132.46, 

123.06, 119.14. ESI-MS (m/z): 197.06 for [M + H]+. 

 
5.2.3 Synthesis of [Al(OH)(IPA-N2H3)]∙3.4H2O∙0.5DMF (CAU-10-N2H3, 7) and activation. 

For the synthesis of 7, the H2IPA-N2H3 ligand (0.20 g, 1.02 mmol), 2 M aqueous solution 

of AlCl3·6H2O (0.50 mL, 1.02 mmol), DMF (0.55 mL) and H2O (1.75 mL) were mixed in a 

Teflon-liner and heated in a stainless steel autoclave at 120 °C for 12 h. The microcrystalline 

powder was filtered off and washed repeatedly with acetone (5 mL). Then, the solid was 

dispersed in water by sonication for 30 min. The dispersion was filtered and the light orange 

colored solid was dried in an air oven at 80 °C for 6 h. Yield: 184 mg (0.77 mmol, 76%) based 

on the Al salt. Anal. cald. for C9.5H17.3AlN2.5O8.9 (335.93 g mol−1): C, 33.96 H, 5.19 N, 10.42%. 

Found: C, 34.1 H, 4.9 N, 10.56%. FT-IR (KBr, cm−1): 3419 (br), 3079 (w), 2923 (w), 2214 (w), 

1684 (s), 1635 (s), 1577 (vs), 1434 (s), 1407 (vs), 1112 (m), 1004 (w), 785 (s), 727 (s), 607 (s), 

526 (m). 

We activated the as-synthesized CAU-10-N2H3 material in two steps. The stirring of the 

as-synthesized compound (200 mg) was conducted in methanol (50 mL) at ambient temperature 

for 24 h. Then, the solvent-exchanged compound was filtered off and degassed at 100 °C for 24 

h under high vacuum. The activated form of 7 was denoted as 7′. 

 
5.2.4 Pawley refinement 

The cell parameters were deduced by Pawley refinement using TOPAS software.21 The 

model of CAU-10-N2H3 (activated form) was generated by force field optimization using the 

universal force field implemented in Materials Studio.22 The structure of the structurally related 

compound CAU-10- N3 was utilized as a preliminary model.23 The cell parameters were changed 

to the ones observed for CAU-10-N2H3 (activated form) and the fractional position of the metal 

ions was fixed. The protons were generated using the implemented tool and the structural model 
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was energetically optimized. However, no Rietveld refinement was possible which we attribute 

to the existence of solvent molecules within the pores and severe disorder in the structure 

induced by the bulky protic groups. 

 
5.2.5 Fluorescence titration experiments 

Initially, suspensions of 7′ in water having a concentration of 2 mg mL−1 were prepared 

by sonication to perform fluorescence titration measurements. Then, 100 μL of the suspension 

was diluted with 2900 μL of water (final concentration = 66.6 μg mL−1) in a quartz cuvette and 

the solutions of different anions (concentration = 4 mM) were added in an incremental way.  

 
5.2.6 Culture and maintenance of the RAW 264.7 (macrophage) cell line  

RAW 264.7 macrophages (acquired from the National Centre for Cell Science, Pune, 

India) were cultured in high glucose Dulbecco's Modified Eagle's Medium (DMEM; Gibco, Life 

Technologies, U.S.A.) supplemented with 10% fetal bovine serum (FBS; Gibco, Life 

Technologies, U.S.A.) and 1% streptomycin-penicillin. Cells were seeded in a tissue culture 

flask and maintained at 37 °C in a humidified incubator with 5% CO2. The medium was changed 

on every alternate day. 

 
5.2.7 Cytocompatibility assay 

Cytocompatibility of probe 7′ was checked by the MTT [3-(4,5- dimethylthiazol-2-yl)-

2,5-diphenyltetrasodium bromide] (Sigma, U.S.A.) assay following a previously described 

protocol.24 In brief, RAW 264.7 macrophages (5 × 103 cells in 180 μL) were plated in each well 

of a 96-well plate followed by the addition of 20 μL of different concentrations of probe 7′ (0-

100 μM). The plates were kept for 72 h at 37 °C in a humidified incubator with 5% CO2. After 

incubation, wells were replenished with fresh medium and 20 μL of MTT (prepared in a 

concentration of 5 mg ml−1 in phosphate buffered saline; PBS, pH = 7.4) was added in each well. 

4 h of post incubation, 200 μL of dimethyl sulfoxide (DMSO; Sigma, U.S.A.) was added to 

solubilize the formazan crystals. Absorbance was recorded at 570 nm using a multiplate reader 

(Tecan Infinite 200 Pro, Switzerland). 
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5.2.8 Live cell imaging 

For live cell imaging, RAW 264.7 macrophages (1 × 104 cells per well) were seeded in a 

96-well plate and incubated at 37 °C in a humidified incubator with 5% CO2. After 24 h, 25 μM 

of probe 7′ (prepared in the same cell culture media) was added and kept for 8 h. Post incubation, 

cells were washed with PBS (pH = 7.4) to remove surplus probe molecules from the surface of 

cells. Prior to live cell imaging, 15 μM of NaCN (prepared in PBS, pH = 7.4) was added to the 

wells and incubated for 15 min. However, few wells were left without addition of NaCN to 

understand the effect of only probe 7′. Images were captured using a fluorescence microscope 

(EVOS FL, Life Technologies, U.S.A.). 

 
5.3 Results and discussion 

5.3.1 Synthesis and activation 

The new hydrazine-functionalized MOF, CAU-10-N2H3 (7) was synthesized by 

following previous synthesis procedures documented for CAU-10-X (X = -H, -OCH3, -CH3, -

NH2, -NO2, -OH) materials.19,23 Briefly, a solvothermal reaction was conducted at 120 °C for 12 

h between AlCl3·6H2O and the H2IPA-N2H3 ligand with a 1 : 1 molar ratio using a mixed solvent 

system of N,N-dimethylformamide (DMF) and water. After the reaction, the microcrystalline 

powder material (7) was collected by filtration. 

 The solvent molecules entrapped in the pores of the as-synthesized compound (7) were 

first exchanged with methanol (having low boiling point and thus easily removable) molecules. 

Then, the solvent-exchanged 7 was heated under dynamic vacuum at 100 °C overnight to remove 

the guest solvent molecules. The solvent-exchange of the compound followed by thermal 

activation did not alter the XRPD pattern (Figure 5.1), which suggests that the compound 

retained its structural integrity throughout the activation process. 

 
5.3.2 FT-IR spectroscopy 

Both the as-synthesized and activated materials show very strong absorption bands 

around 1580 and 1405 cm−1 in their FT-IR spectra (Figure 5.2). These two absorption bands arise 

owing to the asymmetric and symmetric carboxylate stretching vibration of the framework IPA-
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N2H3 ligands, respectively. 25 In both IR spectra, the two sharp absorption bands around 785 and 

725 cm−1 arise from the C-H out-of-plane vibrations of the hydrazine-functionalized ligand 

present in the framework structure.26 

 

Figure 5.1 XRPD patterns of as-synthesized 7 and thermally activated 7′. 

 

 

Figure 5.2 FT-IR spectra of as-synthesized 7 and thermally activated 7′. 
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5.3.3 Structure description 

The XRPD patterns of the as-synthesized and thermally activated samples of compound 7 

were successfully indexed, which suggests that the compound crystallizes in the tetragonal 

crystal system possessing a space group of I41/a (Table 5.1). The Pawley refinement unveiled a 

good agreement between the assumed space group and the experimental XRPD patterns of 7 

(Figure 5.3). The isotypic crystal structure of CAU-10-N3 was used as a preliminary model for 

the structural simulation by force-field calculation (for details, see Experimental section).23 The 

framework structure of 7 is presented in Figure 5.4. As revealed from the figure, the framework 

of CAU-10-N2H3 is formed by the interconnection of cis-corner sharing [AlO6] octahedral with 

the hydrazine-functionalized isophthalate ligand molecules. This structural connectivity leads to 

the formation of helical chains (Figure 5.4b). Each helix is connected with four nearby inorganic 

building units having an alternating rotational arrangement through the coordinated isophthalate 

(IPA) ligands. Two adjacent helices are related by a mirror plane. This distinct arrangement of 

the inorganic building units and ligand molecules leads to the formation of square shaped one-

dimensional channels. The hydrazine groups protrude towards the inner side of the channels. 

 
Table 5.1 Pawley refinement parameters for 7 and 7′. 

Compound 7 7′ 

space group I41/a I41/a 

a = b [Å] 21.379(16) 21.395(12) 

c [Å] 11.346(8) 11.223(6) 

α = β = γ [°] 90 90 

RWP [%] 3.3 3.6 

GoF 2.2 2.4 
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Figure 5.3 Final Pawley refinement plot for as-synthesized (a) and activated (b) form of 7. The 

black and red curves denote the measured and calculated XRPD patterns, respectively. The 

difference between the experimental and theoretical data is indicated by the blue curve, whereas 

the allowed Bragg reflection positions are represented by the vertical bars. 

 

 

Figure 5.4 The simulated structure of the framework of CAU-10-N2H3 (7) compound (a). 

Hydrogen atoms have been omitted from phenyl ring of the structural diagram for clarity. Helical 

arrangement of [AlO6] octahedra in the framework of CAU-10-N2H3 as seen along the b-axis (b). 

Color codes: C, black; O, red; N, blue; Al, yellow polyhedra; H, white. 

(a) (b)

(a) (b)
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Figure 5.5 TG curves of 7 and 7′ recorded in an air atmosphere in the temperature range of 25-

600 °C with a heating rate of 5 °C min−1.  

 
5.3.4 Thermal stability 

Thermogravimetric analyses were carried out to check the thermal stability of the as-

synthesized and activated materials under an air atmosphere in the temperature range of 25-600 

°C. TG curves of both forms of the material (Figure 5.5) reveal that the compound exhibits 

thermal stability only up to 250 °C. The structural collapse of the material occurs after this 

temperature due to the elimination of the coordinated IPA-N2H3 ligands from the framework. 

 The first weight loss of 18.4% in the TG curve of the as-synthesized compound in the 

range of 30-120 °C can be assigned to the elimination of 3.4 guest water molecules (calcd.: 18.2 

wt%) per formula unit. In the second step, a weight loss of 10.6% in the temperature range of 

130-190 °C can be ascribed to the removal of 0.5 DMF molecules per formula unit (calcd.: 10.8 

wt%). The results of thermogravimetric and elemental analyses were utilized to determine the 

chemical formula of the CAU-10-N2H3 compound. 
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Figure 5.6 (a) N2 adsorption (black circles) and desorption (red circles) isotherms of 7′ recorded 

at –196 °C. (b) CO2 adsorption of 7′ recorded at 25 °C. 

 
5.3.5 Gas sorption properties 

The permanent porosity of the activated CAU-10-N2H3 material was checked by N2 

sorption analysis (Figure 5.6a). The specific surface area (SBET) of 7′ was calculated as 61 m2 g−1 

from the N2 adsorption isotherm. Thus, the compound showed almost no porosity towards N2, 

which contrasts with previously reported CAU-10-H (SBET = 635 m2 g−1) and CAU-10-NO2 

(SBET = 440 m2 g−1) materials.27 We assume that the bulky hydrazine functional groups prohibit 

the free diffusion of N2 molecules through the narrow channels. 

A CO2 adsorption experiment was additionally carried out to check the permanent 

porosity of 7′. The low-pressure CO2 adsorption measurement showed that the adsorption 

capacity reached up to 1.4 mmol g−1 (Figure 5.6b) at 1 bar and 25 °C. Thus, the CO2 adsorption 

experiment unambiguously verifies the permanent microporosity of activated 7. The CO2 

adsorption capacity of 7′ is comparable with those of the existing structurally related CAU-10-X 

(X = -H, -OCH3, -CH3, -NH2, -NO2, -OH) compounds.19 
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Figure 5.7 Hydrolytic stability of 7′. 

 

 

Figure 5.8 Change in the fluorescence signal of 7′ with increasing addition of 4 mM CN− 

solution. Inset: concentration-dependent fluorescence signal enhancement of 7′ monitored at 405 

nm.  
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Figure 5.9 Relative fluorescence enhancement behavior of 7′ towards addition of different 

anions. Inset: naked-eye fluorogenic response of 7′ towards different anions.  

 
5.3.6 Fluorescence intensity based sensing of CN− ions 

Due to the extreme toxicity of CN− ions, a large number of fluorogenic probes have been 

developed in the past few decades for the sensing of CN− ions.16,28-30 Very recently, only a few 

MOF materials have been employed for the sensing of CN− ions.18 To check the hydrolytic 

stability of 7′, we stirred the MOF material in water overnight. The recovered MOF material 

showed retention of its structural integrity after treatment with water, which was confirmed by 

the XRPD analysis (Figure 5.7). The non-toxicity and hydrolytic stability encouraged us to 

explore the applicability of the CAU-10-N2H3 material for the sensing of anions in pure aqueous 

medium. 

Fluorescence titration experiments were carried out in order to serve this purpose. Thus, 

the emission spectra (λex = 330 nm) of the stable aqueous suspension of 7′ were collected upon 

regular incremental addition of the sodium salts of different anions (Cl−, I−, F−, Br−, NO3
−, NO2

−, 

H2PO4
−, HSO3

−, SO4
2−, ClO4

−, PO4
3−, HSO4

−, S2O3
2−, MeO−, CN− and SCN−). Figure 5.8 shows 

that a drastic enhancement in the fluorescence intensity with a large blue-shift (Δλ = 30 nm) in 

the emission band was noticed only after the addition of the CN− ion. Negligible changes in the 

fluorescence intensity were observed for all the other 15 potentially intrusive anions (Figure 5.9). 

These observations unequivocally support that the CAU-10-N2H3 probe is highly selective for 

CN− ions over other common competing anions. Interestingly, the development of green 

fluorescence was observed after the addition of CN− solution to the aqueous suspension of 7′, 

which can be easily visualized by the naked eye under a normal UV-lamp. Furthermore, the 
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XRPD pattern of 7′ was measured after the cyanide sensing experiment and no loss of 

crystallinity was observed (Figure 5.10). This observation confirms the structural integrity of the 

CAU-10-N2H3 material throughout the sensing event. 

Time-dependent fluorescence investigations were carried out with different 

concentrations of CN− ions in order to evaluate the response time of 7′ for the sensing of CN− 

ions. We have monitored the fluorescence intensity of the CAU-10- N2H3 compound at a specific 

concentration of CN− ions up to 15 min (Figure 5.11). The studies revealed that the compound 

showed a fast response time of approximately 2 min after the addition of CN− solution. 

 

Figure 5.10 XRPD patterns of 7′ before and after the CN− sensing experiment. 
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Figure 5.11 Time-dependent change in the fluorescence intensity of 7′ upon addition of different 

concentrations of CN− ion. 

 
For practical applications, it is desirable that the fluorescent probe should work 

effectively even in the presence of intrusive anions in complicated systems. To check the 

capability of the MOF material for the selective sensing of toxic CN− ions, fluorescence titration 

experiments were carried out with 7′ after the addition of CN− ions in the presence of other 

common interfering anions present in water. From Figure 5.12, it can be inferred that the 

detection ability of cyanide by 7′ was hardly influenced by the presence of other competitive 

anions. The relative fluorescence turn-on responses were found to be slightly lower with the co-

existence of some anions like F−, I−, PO4
3− and SO4

2−. The F−, PO4
3− and SO4

2− anions also have 

the affinity to form hydrogen bonding interactions with the acidic protons of receptor 

molecules.31-33 Due to the competitive hydrogen bonding interactions, the relative fluorescence 

turn-on responses with the co-existence of these anions were found to be lower. On the other 

hand, the I− ion is a well-known fluorescence quencher. The fluorescence quenching ability of 

the I− ion is probably responsible for the comparatively lower fluorescence turn-on response. The 

outcomes of these fluorescence titration experiments substantiate that the hydrazine 

functionalized MOF material exhibits an exceptional selectivity towards CN− ions and the co-

existence of other common anions does not significantly interfere with the selectivity. 
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Figure 5.12 Enhancement of the fluorescence signal of 7′ in presence of an interfering anion, 

followed by the addition of CN- solution. 

 
The limit of detection (LOD) was calculated for this fluorogenic probe for CN− ions. The 

LOD value was estimated to be 4.8 × 10−7 M (0.48 μM) by using the following equation at a 

signal-to-noise ratio of 3:34 

LOD = 3σ/K 

where σ indicates the standard deviation calculated from the initial intensity of the MOF material 

in the absence of CN− solution and K stands for the slope of the linear curve which was obtained 

by plotting the fluorescence intensity of 7′ against the concentration of CN− solution. The LOD 

value is lower than the World Health Organization (WHO) recommended concentration of CN− 

ions in drinking water (2 μM).35 Hence, a MOF-based water monitoring system can be developed 

by using the presented hydrazine-functionalized MOF material. 
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Figure 5.13 Change in the fluorescence intensity of CAU-10-H upon addition of 4 mM solution 

(500 µL) of aqueous CN- solution. 

 

Figure 5.14 Stacked 1H NMR spectra of the H2IPA-N2H3 ligand upon the addition of CN− 

solution in DMSO-d6 at 25 °C. 

 
5.3.7 Mechanism for the sensing of CN− ions 

The CN− ion has the strong tendency to form hydrogen bonds with the acidic protons of 

sensor molecules.36-38 Very recently, it has been demonstrated that the deprotonation of the 

acidic -NH proton of a carbazole-functionalized Z(IV) MOF by the CN− ion can be utilized for 

the fluorescence turn-on sensing of the anion.18 As a control experiment, unfunctionalized CAU-
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10-H MOF was treated with the CN− ion. No obvious change in the fluorescence intensity was 

recorded for the CAU-10-H MOF (Figure 5.13). This result affirms that the hydrazine-

functionalized ligand present in the MOF system is responsible for sensing. To check the 

possibility of the cyanide-induced deprotonation mechanism for the presented MOF probe, NMR 

titration experiments were conducted with the free H2IPA-N2H3 ligand in DMSO-d6 upon 

addition of the aqueous solution of the CN− ion.39 With increasing concentration of the CN− ion, 

the intensity of the peak at 8.7 ppm for the -NH proton decreased gradually and shifted towards 

the up-field region of the spectrum (Figure 5.14). After the addition of three equiv. of CN− ion, 

the peak owing to the -NH proton disappeared, whereas a considerable upfield shift was 

observed for the peaks related to the aromatic protons. The disappearance of the peak due to the -

NH proton and the drastic up-field shift of the corresponding peak affirm the cyanide-induced 

deprotonation of the -NH proton. 

The cyanide induced deprotonation process can affect the electron transfer process 

throughout the MOF system. Initially, the photo-induced electron transfer (PET) process from 

the hydrazine moiety to the phenyl ring suppresses the fluorescence intensity of the MOF 

material. In the presence of the CN− ion, the deprotonation-induced enhancement of the electron 

density throughout the framework prohibits the PET process, thus the fluorescence intensity of 

the MOF compound is enhanced. A similar fluorescence turn-on mechanism based on the 

inhibition of the electron transfer process has been proposed recently by Cao et al. for the 

selective detection of SO2 gas by the amine functionalized MOF-5.40 

 
5.3.8 Fluorescence lifetime based sensing of CN− ions 

Time-resolved photoluminescence (TRPL) decay experiments were performed with 7′ to 

examine its excited-state behavior as well as feasibility to act as a lifetime-based sensor for CN− 

ions. The TRPL decay profiles of the MOF probe were measured in the absence and presence of 

CN− ions (Figure 5.15). The compound showed a bi-exponential decay curve with two species 

with an average excited-state lifetime of 0.38 ns (Table 5.2). In the presence of the CN− ion, the 

amplitude of the longer-lived component increased at the expense of the shorter-lived component 

and the average excited-state lifetime increased to 4.16 ns. The longer-lived species arises from 

the deprotonation of the -NH proton, which enhances the rate of radiative decay and 
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consequently boosts the fluorescence intensity of the MOF material.37,40,41 The noticeable change 

in the fluorescence intensity after cyanide addition points out that the implementation of a 

lifetime-based fluorescence sensor for toxic CN− ions can be achieved by this MOF material. 

 

 

Figure 5.15 Lifetime decay profile of 7′ in presence of aqueous CN− solution (λex = 336 nm, 

monitored at 430 nm). 

 

Table 5.2 Average excited-state lifetime (<τ>) values of 7′ before and after addition of CN− 

solution (λex = 336 nm). 

Volume of 

CN- solution 

added  (µL) 

a1    a2  τ1 (ns)  τ2 (ns) <τ>* 

(ns) 

χ2 

     0 0.981 0.019  0.310 3.866 0.377 1.09 

   500 0.153 0.846 0.778 4.784 4.161 1.01 

* <τ> = a1τ1 + a2τ2 

 
5.3.9 Analysis of CN− ions in real water samples 

Encouraged by the excellent selectivity and sensitivity of 7′ towards CN− sensing, we 

investigated the ability of the probe to detect CN− ions in tap water and drinking water samples. 

Initially, no CN− ion was found in either tap water or drinking water samples. Then, cyanide was 

spiked in the water samples and the spiked samples were used for the fluorescence sensing 
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experiments. The results obtained from these experiments are summarized in Table 5.2. The 

recovery for the cyanide sensing experiments ranges from 97.5 to 101.3% with very low RSD (n 

= 3; RSD = relative standard deviation) values, and suggests that 7′ has enormous potential for 

monitoring CN− concentration in potable water. 

 
Table 5.2 Estimation of CN− concentrations in real water samples 

Water 

sample 

CN− spiked 

(μM) 

CN− found 

(μM) 

Recovery 

(%) 

RSD 

(%) 

Tap water 10 9.7 97 2.1 

40 39.5 98.7 1.3 

Drinking water 10 10.3 103 1.8 

40 40.6 101.5 1.2 

 

 

Figure 5.15 (a) Effect of different concentrations of 7′ on RAW 264.7 macrophages cultured in 

96-well plates; Data represented as the average ± standard deviation, n = 3. (b) Live cell imaging 

of CN− by 7′. Phase contrast (first column), fluorescence (middle column) and merged images 

(third column) of 7′-loaded RAW 264.7 macrophages before (above row) and after (bottom row) 

incubation with 15 μM NaCN solution for 15 min at 37 °C. Scale bar = 200 µm.   
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5.3.10 Live-cell imaging of CN− ions 

A cellular imaging experiment was conducted to demonstrate the CN− sensing ability of 

7′ in living cells. To use the MOF probe for cell imaging, it must be biocompatible. Therefore, 

an in vitro cell viability test was carried out with RAW 264.7 cells. The cells were treated for 72 

h with five varying concentrations (5-100 μM) of 7′. The data (shown in Figure 5.15a) 

demonstrated the cell viability as compared to the control sample (treated with PBS). The 

presence of 7′ had an almost negligible effect on cell viability. This cell viability experiment 

confirmed that the MOF probe 7′ is non-toxic to RAW 264.7 cells and it could be used for cell 

imaging investigation. As depicted in Figure 5.15b, the incubation of the RAW 264.7 cells with 

7′ (25 μM) resulted in no fluorescence emission in the green fluorescence channel. In contrast, 

when the probe-loaded RAW 264.7 cells were treated with 15 μM CN− solution, a bright green 

fluorescence signal was noticed. This observation is consistent with the results of the 

extracellular CN− sensing experiment. From the results of live-cell imaging studies, it becomes 

inevitable that material 7′ can be used for monitoring cyanide toxicity inside the live cells. 

 
5.4 Conclusions 

In summary, we have shown the synthesis and systematic characterization of a hydrazine-

functionalized Al(III) MOF namely CAU-10-N2H3 (7). The appropriate choice of a framework 

structure and functional group tethered with the ligand allowed us to utilize the material as a new 

sensor for the poisonous cyanide anion in aqueous medium. The activated material 7′ is capable 

of sensing CN− ions even in the presence of other competitive anions present in water. The 

appearance of green fluorescence under UV light upon cyanide addition makes this material a 

naked-eye fluorescent sensor for CN− ions in aqueous medium. The judicious design of a linker 

molecule with the acidic -NH proton facilitates the cyanide induced deprotonation pathway, 

which leads to the fluorescence turn-on signal of the MOF probe. In addition, the fluorescence 

lifetime measurements indicate that material 7′ can also be used as a lifetime-based sensor for 

CN− ions. The CAU-10-N2H3 probe shows a very low detection limit of 0.48 μM, which is lower 

than the allowable cyanide concentration (2 μM) in drinking water according to the WHO. 

Fascinated by the sensitive detection of CN− ions in aqueous medium, we performed spike-and-

recovery experiments, which confirm that compound 7′ has the capability to detect cyanide in 
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environmental water samples. These results suggest that the CAU-10-N2H3 material can be used 

for controlling the quality of water samples. Furthermore, the live cell imaging experiments 

unambiguously demonstrate that probe 7′ is capable of sensing intracellular CN− ions. Hence, the 

probe can be applied for monitoring cyanide toxicity in living cells. 
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The classical MOFs developed in earlier years have attracted tremendous research attention 

because of their outstanding specific surface areas as well as tunable pore sizes. However, the 

hydrolytic stability of these MOFs was a huge challenge, as the MOF materials tend to undergo 

irreversible structural degradation in a water-containing environment. Therefore, the development 

of water-stable MOFs becomes necessary for the diverse applications of MOFs in humid 

conditions. The work presented in this thesis deals with the synthesis of water-stable MOF 

materials and their applications. The results obtained in the current thesis clearly indicate that the 

choice of metal ion and ligand is crucial for the physicochemical stability (air, water, acid-base, 

heat, etc.) of MOFs. The use of metal ions with higher oxidation states (e.g. Al(III), Zr(IV), 

Ce(IV)) along with carboxylic acid ligands has been demonstrated to be a successful approach for 

the preparation of water-stable MOFs. The high connectivity of metal clusters in the UiO and DUT 

type frameworks constructed with Al(III), Zr(IV) or Ce(IV) metal ion provides high thermal and 

chemical stability. The functional groups attached with the ligand molecules control the 

microenvironment of the MOF materials, which actually act as interaction sites during adsorption 

of gases and recognition sites during fluorescence sensing. The water-stable robust MOFs with 

enhanced performances will have great potentials in various industrial sectors over conventional 

porous materials (e.g. activated carbons, zeolites, etc.).  

In Chapter 2, the solvothermal synthesis, characterization and sensing application of four 

isoreticular thienothiophene-based Zr(IV) MOF materials are  presented. The hydrophobicity and 

fluorescence properties of all the MOF compounds can be tuned in a controlled way by altering 

methyl and phenyl groups to the thienothiophene-based ligands. The MOF materials retain their 

structural robustness upon treatment with water, acetic acid, NaOH (pH = 11) and 1 M HCl 

solutions, which was confirmed by XRPD measurements. The use of water-repellent methyl and 

phenyl groups enhances the hydrophobicity of MOF materials.  The change of hydrophobic 

properties with changing the ligand functional group can directly understood from water 

adsorption and contact angle measurement. Apart from hydrophobicity, the fluorescence intensity 

of MOF material also influenced by the ligand substitution. All the water-stable and fluorescent 

MOF materials exhibited selective, fast, and sensitive sensing of Fe3+ ions in water through the 

fluorescence quenching mechanism. The trend in the quenching efficiency of the MOFs by Fe3+ 

can be correlated with the electron density available in their frameworks. The experimental 

investigation indicates that the transfer of electrons from the conjugated electron-rich 
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thienothiophene ligand moiety of MOFs to the half-filled 3d orbitals of Fe3+ ions causes the the 

fluorescence quenching of all MOF compounds. In contrast, the well-known electron acceptor 

methyl viologen (MV2+) molecules show a reverse trend in the fluorescence quenching efficiencies 

of the MOF materials. This result suggests that both electronic and steric effects play decisive roles 

in the fluorescence quenching mechanism. Additionally, molecular logic gates could be designed 

to discriminate Fe3+ and Fe2+ ions by utilizing the diferent fluorescence responses of MOFs 

towards these ions. The high stability in water and reusability of Fe3+ sensing including the ability 

to discriminate between Fe3+ and Fe2+ ions through logic operations make the MOFs suitable for 

real-life applications. 

In Chapter 3, the solvothermal synthesis and characterization of a Ce(IV)-based MOF 

material incorporating 3,4-dimethyl thieno[2,3-b]thiophene-2,5-dicarboxylic acid are presented. A 

through characterization was carried out by employing different methods like XRPD, XPS, FT-IR 

spectroscopy, TG and N2 sorption experiments to ensure the phase purity of the MOF material. 

The material displayed high structural robustness in water, 1 M HCl and acetic acid, which was 

confirmed by XRPD measurements. The XPS study reveals the presence of both Ce(III) and 

Ce(IV) ions in the framework. Remarkably, the compound mimics the catalytic activity of 

biological oxidase enzymes due to the existence of redox-active cerium atoms in the framework. 

The excellent oxidase-like catalytic properties of the material were demonstrated by employing 

characteristic chromogenic peroxidase substrates: TMB and AzBTS. The oxidase-mimicking 

activity of the MOF allowed us to establish a colorimetric sensing platform for biothiols in NaAc 

buffer (0.2 M, pH = 4). The sensing ability of biothiols by the MOF enabled us to detect cysteine 

in human blood plasma. A significant heterogeneous catalytic performance of the mixed valence 

state Ce-MOF was also observed in the oxidation of thiol compounds using molecular oxygen. 

The MOF material is reusable, both as a heterogeneous catalyst and a colorimetric biosensor and 

retains its structural integrity. The high stability, low-cost and recyclability along with high 

biomimetic and heterogeneous catalytic activities make the MOF compound suitable for medical 

diagnostics, biological sample analysis as well as for oxidation catalysis in industry. 

 In Chapter 4, the synthesis, characterization and fluorogenic sensing potential of a dinitro-

functionalized Zr(IV)-based MOF material called DUT-52-(NO2)2 are presented. The MOF acts 

as a colorimetric and fluorogenic turn-on probe for the sensing of H2S under physiological 
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conditions (HEPES buffer, pH = 7.4, temperature = 37 °C). The MOF constructed from 

hexanuclear [Zr6O4(OH)4]12+ building units shows high stability in different solvents including 

water, 1M HCl and acetic acid. Based on its high stability in aqueous environment, the MOF 

material was used as a reaction-based colorimetric and fluorogenic turn-on probe for the sensing 

of H2S. The MOF shows a turn-off fluorescence state due to the presence of strong electron 

withdrawing nitro functional groups. The H2S-mediated reduction of nitro groups into amines 

increases electron density in the ligand and fluorescence turn-on state is achieved. The 

fluorescence titration experiments confirm that the reaction occurs selectively in presence of H2S 

only. The MOF compound features significant capabilities for the highly selective and sensitive 

(detection limit: 20 µM) detection of H2S. Additionally, the MOF probe shows visually detectable 

colorimetric and fluorogenic responses during the reaction-based sensing of H2S under day light 

as well as under UV light. Based on the low toxicity of the compound, the probe could be used for 

the detection of H2S in human blood plasma and as well as living cells. The aqueous medium 

stability and extraordinary selectivity for the detection of H2S even in the existence of other 

interfering biomolecules and anions in biological system makes the MOF a potential candidate for 

the real-time monitoring of H2S in aqueous media including biological systems. 

The synthesis, characterization and fluorescence sensing application of an Al(III)-based 

MOF with CAU-10 topology are presented in Chapter 5. The hydrazine-functionalized Al(III) 

MOF namely CAU-10-N2H3 is able detect the  toxic CN− ions selectively even in the presence of 

other competitive anions present in water. The MOF constructed through the interconnection of 

cis-corner sharing [AlO6] octahedra with hydrazine-functionalized isophthalate ligand shows high 

hydrolytic stability. The hydrazine functional group attached with the ligand acts as a recognition 

site for anion. This material can act as a naked-eye fluorescent sensor for CN− ions in aqueous 

medium, which is confirmed by the appearance of green fluorescence under UV light upon cyanide 

addition. The cyanide-induced deprotonation of the acidic -NH proton present in hydrazine-

functional group was confirmed by 1H NMR titration experiment. This deprotonation leads to the 

fluorescence turn-on signal of the MOF probe. Furthermore, the fluorescence lifetime 

measurements indicate that the MOF can also be used as a lifetime-based sensor for CN− ions, as 

the lifetime of MOF changes drastically in presence of cyanide ion. A very low detection limit of 

0.48 μM was obtained for this MOF, which is lower than the allowable cyanide concentration (2 

μM) in drinking water according to the WHO. The spike-and-recovery experiments confirm that 
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Al(III) MOF has the ability to sense cyanide in real water samples, which can be used for 

controlling the quality of water samples. The cytocompatibility assay shows that this MOF is 

nontoxic to RAW 264.7 cells and it could be used for cell imaging study. The live cell imaging 

experiments with nontoxic Al(III) MOF clearly establish that the MOF is capable for the sensing 

of intracellular CN− ions. These combined results suggest that water-stable, nontoxic hydrazine-

functionalized Al(III) MOF namely CAU-10-N2H3 MOF can be used for the monitoring of cyanide 

toxicity in water as well as inside live cells. 

There are still great challenges and opportunities for the development of robust and cost-

effective MOFs with high performances and superior reusability for practical applications in 

aqueous medium. This thesis work is directed towards improving the hydrolytic stability of MOFs 

for subsequent practical applications. The thesis work demonstrates the design and synthesis of 

water-stable MOFs and their potential applications in chemical and biological sensing as well as 

heterogeneous catalysis. 
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